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A b s t r a c t
The treatment of [MoCp(CO)3X] (X = Cl, I) with one equivalent of Ag(CBnHi2) in 
CH2CI2 ultimately yields [MoCp(CO)3(x-p-H-CBi 1H12)] (x = 7or 12), but the reaction 
proceeds via an intermediate species [MoCp(CO)3X-Ag(CBnHi2 ) ]2  (X = Cl, I). Both 
the final silver salt metathesis product, and intermediate species (X = I), have been 
isolated and fully characterised by elemental analysis, IR and NMR spectroscopy, and 
X-ray diffraction techniques. When the silver(I) salts of the more weakly nucleophilic 
[c/oso-CBnHiiBr]* and [c/oso-CBi iH^Bre]' carborane anions are used instead 
metathesis is slowed or halted, and only the corresponding intermediate species can be 
isolated. An alternative technique of hydride abstraction from molybdenum, using 
[CPfi3][CBnHnBr] and [CPh3][CBnH6Br6], was used to generate 
[MoCp(CO)3(CBnHnBr)] and [MoCp(CO)3(CBnH6Br6)] respectively, although the 
latter compound could only be characterised by NMR spectroscopy because it is 
unstable and very sensitive to nucleophilic attack. The synthesis of {MoCp(CO)3 }+ 
ligated to a range of carborane anions allowed a ranking of the coordinating abilities 
of these anions to be made based upon the chemical shift of the Cp resonance.
A range of silver© phosphine compounds with the general formula [Ag(PPh3)x(Y)] 
[x = 1 or 2; Y = (c/aso-CBiiH^)*, (c/oso-CBnHnBr)', (c/aso-CBnH6Br6)', (closo- 
CB11H6CI6)'] were synthesised and fully characterised using elemental analysis, NMR 
spectroscopy, and X-ray diffraction techniques. The performance of some of these 
compounds in a hetero-Diels-Alder reaction was assessed to elucidate anion / activity 
and structure / activity relationships, as well as to allow comparisons between the 
thermodynamic and kinetic coordinating abilities of these carborane anions.
1
1 I n t r o d u c t io n
1.1 Carboranes
Carboranes are molecules containing the basic arrangement of carbon and boron 
atoms in a polyhedral structure. The majority of known carboranes contain two carbon 
atoms. This is due to the ease with which they can be formed by reaction o f precursor 
boranes, such as nido-B 1 0 H 1 4 , with an appropriate alkyne.[1] However, carboranes that 
contain one, three or even four carbons are also well documented.[2,3]
Carborane analogues o f boron clusters can be isolated because a {B-H}' fragment is 
isoelectronic and isolobal with a {C-H} fragment (Figure 1.1).[4] This means the 
fragments have the same frontier orbitals and number of bonding electrons, and the 
molecular orbitals (MO's) have similar symmetry and approximately the same energy 
meaning that, in theory, they can be interchangeable (Figure 1.2).
H
Figure 1.1: Frontier molecular orbitals of {B-H}' and {C-H}
2
[closo- B12H12]2 [C/OSO-C2B 1 qH - j  2]
O —•  = b h |
Figure 1.2: Interchange of {B-H}' fragment for a {C-H} fragment
The shape of a borane or carborane cluster can be predicted by the application of 
Wade's rules.[5] Counting the number of electron pairs donated to cluster bonding 
orbitals and relating this to the number of vertices gives the relevant polyhedral shape 
on which the cluster is based. This polyhedron might be complete, or missing up to 2 
vertices (3 or more missing vertices is uncommon). A c/oso-cluster has n + 1 electron 
pairs, where n is the number of cluster vertices. This cluster has the shape of a 
complete polyhedron (or deltahedron) containing n vertices. A nido-cluster has one 
missing vertex and n + 2 electron pairs donated to cluster bonding. It is based upon a 
parent deltahedron having n + 1  vertices, with the vertex of highest connectivity 
removed. An arachno-cluster (n + 3 electron pairs) has two missing vertices and is 
based upon a deltahedron containing n + 2 vertices (Figure 1.3).
[closo- l-CB^H-,2]' [nido-7,8-C2BqH i2]- arachno-C2B8Hu  
(Terminal B-H hydrides omitted for clarity)
Figure 1.3: Closo, nido and arachno clusters based on an icosahedral polyhedron
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In general nido- and arachno- clusters are less thermally and chemically stable than 
their closo- counterparts. This is due to the presence of relatively more reactive 
bridging hydrogens and the more open structure in nido- and arachno- clusters.
The properties and stability of anionic c/oso-monocarboranes, of general formula 
[c/as0-CBn-iHn]\ have been studied extensively. Theoretical calculations performed 
on the [c/o.so-CBn-iHn]' (n = 5-12) anions to determine their relative stabilities, show 
[closo-CBnHn]’ to be the most stable in this family of carboranes.[6'8] All the [closo- 
CBn-iHn]’ (n = 5-12) compounds have been isolated and structurally characterised^9' 1^  
but only the chemistry of [c/oso-CBnHn]' and [c/aso-CBgHio]’ and their derivatives 
has been studied extensively. The chemistry of [c/oso-CBqHio]" is very similar to that 
of [c/ojo-CBiiHi2]',[16'18] but is less developed than for [c/oso-CBnHn]" which is the 
anion under study in this thesis, and so will not be discussed in any detail.
1.2 The Icloso-CBuHnY Anion
1.2.1 Synthesis
The original synthetic strategy, proposed by Knoth in 1967,[9] is still one of the most 
effective routes for [c/aso-CBnHn]' synthesis. It starts with the addition of sodium 
cyanide to decaborane (equations 1.1 and 1.2).[19]
4
rj/c/o-B10H14 + 2NaCN Na2[nido-B 10H 3CN] + HCN (1.1)
H* ion exchangeNa2[n/'c/o-B10H13CN] (1 .2 )
The coordinated amine is then converted into trimethylamine by reaction with 
dimethyl sulfate (equation 1.3) . [ 2 0 1
y(CH3)3 
.H X
2 nido-B10H12CNH3 + 3(CH3)2S 0 4 + 6NaOH
2 n/cfo-B10H12CN(CH3)3 + 3Na2S 0 4 + 6H20  (1.3)
Removal of trimethylamine by reductive elimination using sodium yields a tri-sodium 






n/cfo-B10H12 CN(CH3 )3  + 3 N a  -  Na3[n/do-B1oH10CH] + Me3N + 1/ 2H2 (1.4)
/ \ .
Na3[/?/do-B10H10CH] + 2H20  -------  2NaOH + Na[n/do-B10H12CH] (1.5)
Na[n/do-B10H12CH] + CsCI  ► Cs[n/do-B10H12CH] + NaCI (1.6)
The final step is to add the extra B-H fragment to the cage, necessary to make the 
compound closo (equation 1.7).[22]
Cs[/7/do-B10H12CH] + H3B.N(C2H5)3-------^ Cslcloso-CBu H^2] (1.7)
This method is quite laboured, and the number o f synthetic steps required from the 
relatively expensive decaborane starting material means that the [c/oso-CBuH^]' 
anion is considered expensive to produce. However, in our laboratories we routinely 
produce multigram quantities o f [closo-CBi 1H 1 2 ]" at a cost o f £ 2 0  a gram.
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Driven by a desire to reduce the expense and increase the availability of [closo- 
CB 1 1 H 1 2 ]', the Michl group has recently published a novel synthetic strategy.[23] The 
first step is the synthesis of [nido-BuHm]' (50% yield) from inexpensive NaBH4  and 
BF3 Et20  (equation 1.8).[24]
17[BH4]" + 20F 3B'O(C2H5)2 -------- -
2[n/c/o-B11H14] + 15[BF4]‘ + 20 0 (C 2H5)2 + 20H2 (1.8)
Treatment o f this cage with a base, followed by carbon insertion with a carbene 
developed in situ generates [c/aso-CBnHi2]' (42% overall yield) as the main product 
(equation 1.9). However, although this synthesis is attractive it can only be run on a 
lg  scale limiting its utility.
[n /d o -B n H ^ ] '  ? H C l3 /B a se .» [ c /o s o - C B 11H 12r  ( 1 .9 )
1.2.2 Reactivity
The [c/cwo-CB,iH i2]' core is extremely rugged, however the periphery of the cage can 
be functionalised via electrophilic substitution of the B-H bonds. The difference in 
electronegativity between boron and carbon results in the slight polarisation o f the 
cage with the most basic B-H bond in the 12 position, followed by B-H bonds on the 
lower, and then upper pentagonal belts (Figure 1.4).
7
s  B(2)-B(6)
^ 'Upper pentagonal belt'
B(7)-B(11)
? 'Lower pentagonal belt'
B(12) 
'Antipodal boron'
Figure 1.4: [c/o5o-CBnHI2]‘ with boron labelling scheme
The cage can therefore be selectively functionalised at each unique position because 
of the relative differences in the basicity of the B-H bonds. Furthermore, the hydrogen 
on carbon is acidic and can be substituted for a range of alkyl groups using 
nucleophilic substitution reactions. Functionalisation of the [c/aso-CBnHn]’ cage can 




The substitution of a B-H for a B-X (X = F, Cl, Br, I) bond in [c/oso-CBnH^]' 
requires increasingly harsh reaction conditions depending on the level of substitution 
desired. This is displayed well in the bromination reactions o f [c/aso-CBnH^]" 





O —•  = BH 
O -Br = BBr
©
[1-H-closo-CB^Brn]' [7 ,8 ,9 ,1 0 ,1  l .^ -B r e -c lo so -C B u H g ]'
Figure 1.5: Bromination of the [c/oso-CBnH^f anion
in dimethylformamide for 48 hours yields Cs[1 2 -Br-c/o5 o-C B nH n ] . [ 2 5 1  If instead, two 
equivalents o f N-bromosuccinimide are used, and the reaction mixture is left to stir 14 
days, a second bromine is added to the cage in the next most reactive position, B(7), 
to give Cs[7 , 1 2 -Br2 -c/o5 o-CBnHio]. In order to successfully hexahalogenate the cage, 
harsher reaction conditions are needed, and H(c/o50-CBnH6Br6) is formed by the 
direct reaction of excess bromine with H(c/oso-CBnHi2 ) in refluxing acetic acid for 
two days.[26] Despite the presence of excess bromine in this reaction, the conditions 
are still not sufficiently severe to induce electrophilic substitution on any of the upper 
pentagonal belt B-H bonds. In order to brominate every B-H bond on [closo- 
CB 1 1 H 1 2 ]', triflic acid and bromine need to be combined in a sealed tube and heated at
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250°C for two days to yield the [ 1 -H-closo-CB\ iBri i]’ anion, a method recently 
reported by Xie.t27]
The chloride derivatives [12-Cl-c/oso-CBnH„]-,[251 [7,12-Cl2-c/oio-CBuH10]',1251 
[7,8,9,10,11,12-Cls-l-c/oso-CB,,H6]'[261 and [l-H-c/oso-CBiiCln ]'[27' 281 can be 
prepared in a matter analogous to that of the bromide derivatives. The direct reaction 
of iodine with [c/oso-CBnHn]' under mild conditions yields [12-I-c/aso-CBnHii]-.1261 
However, unlike with bromine and chlorine, exhaustive iodination of [closo- 
CB11H 12]' in refluxing glacial acetic acid yields only [7,12-l2-c/aso-CBnHio]’. If the 
electrophilicity of iodine is enhanced by using the mixed halogen IC1, the 
polyiodonated compounds [7,8,9,10,11,1 l-l^-l-closo-CBwR^2^  and [1-H-closo- 
CBiiIn]’ can be isolated.1271 The first fluorinated [closo-CB\\]' derivative reported was 
[2-F-c/o^o-CBi iHi i]'J30] The method of preparation employed for its synthesis cannot 
be used for further, more selective, derivitisation of [closo-CB\\Yi\2[ as it is generated 
from the insertion of BF3 -OEt2 into [«zc?o-7-CBioHi3]'. However, Strauss et al. have 
reported that the reaction of [c/aso-CBnHu]’ with liquid anhydrous HF at 23°C 
results in the exclusive formation of [12-F-c/aso-CBnHn] (equation 1.10).[311
anhydrous HF
[C sH C B uH u] + HF 23.c  22h -  [C S H 1 2 -F .C B .H .] + H2 (1.10)
By elevating the temperature of reaction to 1 4 0 ° C  the difluoro [1 ,\2-¥2-closo- 
CBnHio]’ anion can be isolated. Further attempts to increase the degree of 
fluorination by increasing the reaction temperature results in mixtures of [closo- 
C B 11H 7 F 5 ] ' ,  [c/os0 -CBhH6F6]’ and [C /0 S 0 - C B 11H 5 F 7 ] '  that are difficult to separate.1321
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If, instead, a mixture of HF and F2 is used the [ 1 -H-closo-CB 11F11 ]' anion can be 
isolated in good yield (equation 1.11).
HF(I)
[C sJC B uH d + 11F2 25.c  48h»  [CsHI-H-CB^F,,] + 11HF (1.11)
It is also possible to synthesise carborane anions containing a mixture of halogen 
atoms. Taking carborane, [6,7,8,9,10,1 1,12-X6-c/o5o-CBhH6] (X = Cl, Br, I), and 
using the relevant reagents (triflic acid and I2 , Br2, or IC1), in the sealed tube reactions 
developed by Xie et al., the mixed halocarboranes [l-H-2,3,4,5,6-Y5-7,8,9,10,ll,12- 
Xe-c/oso-CBn]* (X, Y = Cl, Br, I) can be isolated in good yield.[33]
1.3.2 Properties
Halogenation leads to significant changes in stability, solubility and perhaps most 
importantly, the nucleophilicity of the [c/oso-CBn]* anion. The magnitude of change 
in these physical properties is related to the type of halogen used, as well as the degree 
to which the cage has been substituted.
The effect on stability from halogenation can be observed by comparing the silver(I) 
salts of [closo-CBnHi2]‘ and [c/oso-CBnHeBre]’. Unlike Ag[CBnH6Br6], 
AgfCBnHn] is light sensitive and will decompose upon heating or standing in an 
aqueous solution.^221 This is due to the susceptibility of H(7)-H(ll) and in particular 
H(12) to electrophilic attack. This can also be seen in attempts to isolate trityl salts of 
[C/OS0 -CB11H12]" and [c/oso-CBi iHeB^]'. Ag[CBnH6Br6] reacts smoothly with trityl 
bromide to form CPh3 [CBnH6Br6], but the same reaction with AgfCBnH^] gives rise
11
to a number of products, the major product being one in which two cages are 
oxidatively coupled together via a B(12)-B(12) bond (equation 1.12).[34]
2[Ag(CB11H12)] + 2 CPh3B r  ►2AgBr + 2HCPh3 + C2 B2 2 H22 (1-12)
Computational studies have been performed on conjugate Bronsted acids of [closo- 
CB 1 1 H 1 2 ]’ and its fluorinated derivatives to calculate their relative acidities and 
structures . 13 5 1 The results predict the calculated acidity order to be H[CBi 1F 1 2 ] > 
H[CBhH 6 F6] > H[12-F-CBnHn] > H[CBn H 12] and found that H[CBn Fi2] could be 
considered the strongest neutral Bronsted superacid known to date. The site of 
protonation in the most stable protonated form of each of these acids varies between 
the anions (Figure 1.6).
H IC B uF d HtCBnHeFe] H fC B uH ^
Figure 1.6: Calculated most stable protonation sites of some carborane anions
At the highest level o f calculation (DFT B3LYP calculations at 6-311+G** level), 
H[CBnFi2 ] is protonated on F(12) but the proton is also hydrogen bonded to F(7). 
H[CBnH 6 F6] and H[12-F-CBnHn] are protonated in the centre o f a triangular face on
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the surface of the cage, and HfCBnHn] is protonated on B(12) to give two 
symmetrically arranged terminal hydrogens.
The high stability of the hexahalogenated carboranes, combined with very weak 
nucleophilicity (see section 1.4), allows the isolation of novel and interesting 
compounds.[36] Perhaps the most remarkable example of this comes from the use of 
halocarboranes as superacids (those stronger than 100% sulphuric acid). This has led 
to the isolation of the hydronium ion [(HgCU)*],1371 protonated fiillerene [(HC6o)+],t38J 
and protonated benzene [(HC6H6)+],[38, 391 as weighable solids that are stable at room 
temperature. The protonated fullerene and benzene are synthesised by condensing 
HC1 onto solid [R3Si(CBuH6Cl6)] at low temperature followed by removal of the 
volatiles at room temperature to yield H[CBnH6Cl6] in essentially quantitive yield 
(equation 1.14), which can then be reacted with C6H6 or C6o to yield their respective 
protonated forms.
(C zHbH SK CB, ! H6CI6)(s) + HCI(g) --------------
H[CB11HeCI6] + (C 2H5)3SiCI(g) (1 .14)
Previous attempts to isolate stable, protonated species of these compounds failed 
because the anions of the superacids used [e.g. (SbF6)', ( H S O 4 ) ' ,  ( C F 3 S O 3 ) ' ]  are too 
nucleophilic,1401 or promote cation decomposition.1411
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1.4 Weakly Coordinating Anions
Weakly coordinating anions are used to generate highly Lewis acidic metal centres. 
They should ideally have a low overall charge and high degree of charge 
delocalisation so that no atom, or group of atoms, has a high charge density. This 
implies that larger anions would be better, with the increased steric bulk further 
reducing the capability of the anion to interact with the metal by removing the centre 
of negative charge further from the centre of positive charge.
1.4.1 Weakly Coordinating Anions in Catalysis
Weakly coordinating anions play a major role in catalysis mediated by Lewis acidic 
cationic centres. In a typical catalytic cycle a ligand (X) is displaced to leave a 
cationic metal centre and a vacant coordination site (Figure 1.7). Reactant (A) can 
then co-ordinate to the metal and is activated towards reaction with (B) to give 
product (A-B). In this generalised scheme, the more weakly coordinating the anion 





Figure 1.7: Generalised catalytic cycle for a Lewis acid catalyst
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When describing a gap in a metal’s coordination sphere the term virtual coordination 
site is perhaps a better description than vacant coordination site.[42] This is because 
there are four main ways that vacant sites in metal complexes can be filled (Figure 
1.8).
M = Metal 
S  = Solvent


















In ( i)  the vacant coordination site is occupied by the weakly coordinating anion, while 
in ( i i)  the solvent occupies this site instead. Scenario ( i i i )  shows one of the ligands 
becoming bidentate in order to fill the metal’s coordination sphere, an example being 
the formation of a C-H agostic intramolecular interaction with the metal.[43] The final 
option ( iv )  is that one of the ligands bridges two metal centres to form a binuclear 
complex, such as that commonly seen when using halide ligands. Options ( i i i )  and 
( iv )  mean that even when using the most weakly coordinating anion or solvent, 
generation o f a truly vacant coordination site may be impossible. Instead weak or 
labile metal-ligand bonds may be formed instead.
There are a number of weakly coordinating anions that have been used to successfully 
partner metal cations, including [C104]\  [CF3 S0 3 ] \  [BF4]‘, and [PF6 ] ' . [ 4 4 ' 4 7 1  The 
tetraphenylborate anion [(BPIu)'], and its derivatives, have received the most attention
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in recent years as candidates for use as weakly coordinating anions. However, the 
[BPI1 4 ]' anion can bind to metal centres through n interactions from one of its phenyl 
rings.[48] In order to reduce the 7r-bonding ability of the anion, and hence reduce its 
coordinating ability, fluorine or trifluoromethyl substituents have been added to form 
[B(C6 F5)4]' (BAtf) ' , [4 9 1  and [B(3 ,5 -C6 H3 (CF3 )2 )4 ]' (TFPB) 15 0 1 (Figure 1.9) which do 
not generally rc-bond to metals and display greater stability and than [BPI1 4 ]'. Despite 
the reduced n bonding ability of [TFPB]', a few structurally characterised examples of 
it coordinated to a metal have been isolated, including [Rh(r|6 -TFPB)(COD)].[51]
The incorporation of electron withdrawing groups on the phenyl rings also reduces the 
tendency for B-Ar bond cleavage by decreasing the amount of negative charge on the 
ipso carbon atoms. For example, the electrophilic cation [FeCp(CO)2 (THF)]+ is 
phenylated in the presence o f [BPtu]', but is not arylated in the presence of 
[TFPB]\[52] However, whilst cleavage of the B-C bond in [TFPB]' is rare, it can 
occur. For example refluxing /ra«.s-[Pt(PPh3 )2 (Me)(OEt2 )][TFPB] in toluene results in 
the formation o f [Pt(PPh3 )2 (3 ,5 -CF3 -C6 H 3 ) 2 ] . t5 3 1
[BArF] [TFPB]'
Figure 1.9: [B(C6F5)4]' and [B(3,5-C6H3(CF3)2)4]'
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The fluorinated derivatives of the tetraphenylborate anion have been used to generate 
active catalysts for carbon monoxide and olefin copolymerisation,1541 or the 
production of adipic acid by methyl acrylate dimerisations.[551 Their most important 
application is in the stabilisation of olefin polymerisation catalysts, in particular the 
highly active group 4 metallocene complexes of the general type [M(Cp)2(R)]+ (M = 
Ti, Zr, Hf, Th). There is an extensive amount of literature on the role of 
tetraphenylborate anions in olefin metathesis, which is outside the scope of this report, 
and there are a number of excellent reviews on this topic.[56'58]
1.4.2 The Weakly Coordinating Nature of [closo-CBnHn]'
The charge on [c/oso-CBnHn]' is delocalised relatively evenly about the anion via a 
c  bonded framework, and it can be thought of as a 3D analogue of benzene.181 This 
efficient delocalisation of a single charge over a relatively large cluster and the 
absence of any basic site on the cage periphery makes it very weakly nucleophilic. 
The extremely large HOMO-LUMO gap in [c/oso-CBnHn]’, similar to other closo 
boranes, can explain the unusually large degree of thermal and chemical stability the 
cluster possesses.
Reed's group was the first to efficiently demonstrate the weakly coordinating nature of 
the [closo-CBuRnY anion.[591 By pairing [Fe(TPP)]+ (TPP = tetraphenylporphyrinate) 
(Figure 1.10) with weakly coordinating anions and measuring the out of plane 
deformation of the central metal atom in the solid-state, an indication of the degree of 
nucleophilicity the anion has can be drawn. The more weakly coordinating the anion,
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the greater the charge on the iron atom and hence the closer it will be to planarity with 
the nitrogen atoms of TPP. The [Fe(TPP)(CBnHi2 )] complex was shown to be the 
closest to planarity with the shortest Fe-N bond length known, smaller than those of 
[Fe(TPP)(FSbF5)]‘, and [c/oso-CBnHn]’ was considered the most weakly 
coordinating anion known at the time.
Figure 1.10: [Fe(TPP)]+ cation Figure 1.11: Crystal structure of [Fe(TPP)(p-xylene)]
A number of different methods have been developed to rank the relative coordinating 
ability o f anions. The out of plane deformation of the iron atom in the 
[Fe(TPP)(anion)] complex[59] was one o f the first, however, as more weakly 
coordinating anions, such as [c/oso-CBnF^Bre]', were developed solvent molecules 
became competitive with the anion reducing the applicability of this technique (Figure 
1.11).[60]
Another transition metal based ranking of anion nucleophilicity that was developed by 
Reed, compares the carbonyl stretching frequencies of [FeCp(CO)2 X] (X = weakly 
coordinating anion) compounds (Figure 1.12).t34]
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Figure 1.12: [Fe(Cp)(CO)2X] Table 1.1: Average carbonyl stretching
(X = weakly coordinating anion) frequencies for [Fe(Cp)(CO)2X]
An increase in the carbonyl stretching frequency correlates to diminished n back- 
bonding from the metal centre, reflecting increasing cationic character in the 
[FeCp(CO)2 ]+ moiety. Hence the weakest coordinating anion will have the highest 
carbonyl stretching frequencies (Table 1.1).[61^ However, the results of this ranking 
scheme should be interpreted with care as the majority of [FeCp(CO)2 X] compounds 
were generated in situ and could not be isolated or fully characterised, leaving doubt 
as to the actual species being monitored.
Perhaps the best method of ranking the nucleophilicity of weakly coordinating anions 
developed to date is based around the [('Pr)3 Si(X)] (X = weakly coordinating anion) 
species (Figure 1.13), which has two indicators as to the coordinating ability of X.[62J 
The first is in the solid state and is the degree deviation of the C-Si-C bond angle from 
the expected 120° of an ionic sp2-hybridised {SiR3}+ fragment. The second is based 
on the downfield 29Si NMR chemical shifts, some of which are measured in the solid 
state using CPMAS techniques to remove any ambiguity about the coordination o f the 
anion. The ambiguity comes from fact that the anion can be partially displaced by 
solvent molecules according to the equilibrium shown in equation 1.13.[63] The more
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positive 29Si chemical shift indicates a more deshielded nucleus and thus the most 
cationic character.
Cl 7 Cl 12
Figure 1.13: X-ray crystal structure of 1Pr3Si(CB1iH6Cl6)[291
/Pr3Si(anion) + toluene ■■-g------^  [/Pr3Si(toluene)]+ + [anion]’ (1.13)
The 29Si NMR chemical shifts for compounds of the general formula [('Pr)3 Si(anion)] 
are summarised in Table 1.2. The table shows that the coordinating ability of 
halocarborane anions decreases in the order I > Br > Cl > F. It can also be seen that 
the greater the degree of halogen substitution the more weakly coordinating the anion.
The [Fe(TPP)]+ moiety has recently found use as a reporter o f the ligand field strength 
of weakly coordinating anions, an electronic property that is not necessarily correlated 
with coordinating strength.[64,65] In this series, carboranes are ranked as the weakest 
field ligands presently known.
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Com pound Solvent 8(29Si)/ppm Ref.
'Pr3SiH toluene 12.1 [16]
'PraSKOSOzCFa) toluene 40 [61]
['PraSiaoluenelltBCCeFsJd toluene 94 [16]
iPr3Si[B(C6F5)4] none 107.6 [66]
‘Pr3Si(1 -H-CB-i! H5I6) none 97 [29]
‘PraSiCI-H-CBuBrsU) toluene 104.5 [33]
’PraSKI-H-CBnHsBre) toluene 105 [63]
’PraSitl-H-CBuHgBre) none 110 [29]
iPr3Si(1-H-CB11l5Br6) toluene 108.8 [33]
‘PraSKI-H-CBnClsBrg) toluene 111.1 [33]
‘PraSKI-H-CBuCln) toluene 114.4 [33]
iPr3Si(1-H-CB11H5CI6) none 115 [29]
'Pr3Si(1 -H -C B i 1 Br5CI6) toluene 115.8 [33]
‘PrsSKI-H-CBuFn) toluene 120 [67]
Table 1.2: Downfield 29Si Chemical Shifts for 'Pr3SiX
1.5 Alkylated carboranes
A number of alkyl derivatives of [closo-CBnHn]’ have been synthesised by 
conversion of B-H or B-I vertices to B-C. The B-I vertices of iodocarboranes can be 
converted to B-C vertices via palladium catalysed alkylation with Grignard 
reagents.[68] This technique, developed by Hawthorne et. al}69] was first used to 
peralkylate the [closo-B12H12]2’ anion.[70] Attempts to use similar conditions for 
peralkylation of [closo-CB11H12]' where unsuccessful, yielding uncharacterised 
products.[71] The first peralkylated carborane anion, [c/oso-CBnMen]* (Figure 1.14) 
was synthesised by electrophilic substitution of B-H vertices using the strong 
methylating reagent, methyl triflate, and a hindered base (equation 1.14).[71]
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[NMe4][1 -CH3- CB, nH, xs- [CH3][CF3_S0 3 ]_ ^  [NMedlcfoso-CB^Meiz] (1.14)
CaH2,
An apparently more convenient approach has been reported recently by Xie et al. 
involving the reaction of [c/aso-CBnHi2]' with excess RBr (R = CH3 , CH2 CH3) in a 
sealed pyrex tube at 200°C . [7 2 1
Peralkylated carborane anions such as [c/o5 o-CBnMei2]' are stable to air, strong bases 
and weak acids but are destroyed in concentrated acids. Unlike other [c/aso-C B nH iJ 
derivatives, which have poor solubility, the [c/oso-CBnMei2]* anion is soluble in 
polar organic solvents (e.g. Et20  and CH2 C12) and even has a detectable solubility in 
hexane depending on the cation . 1731
The solid state structures of the thallium(I) and alkali (Li+, Na+, K+, Rb+, Cs+) salts of 
[c/o50-CBnMei2]‘ adopt a number of interesting coordination motifs when 
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Figure 1.15: Structural bonding motifs of some [c/oso-CBnMe^]’ salts [carbon vertice not located in
(i) and (iv) due to cage disorder]
In the solid state, the larger Tl+, Cs+, Rb+ and K+ cations are sandwiched between two 
benzene molecules, with four [c/aso-CBnMe^]* anions equatorially arranged in a 
nearly square arrangement (i). Smaller Na+ cations crystallise with pseudo tetrahedral 
coordination geometry in polymeric chains, bonded to two benzene molecules and 
two anions (ii). Li+ possesses two crystalline motifs, one is a simple sandwich of a 
toluene molecule and [c/oso-CBuMe^]* (iii), the other a chain resulting from the 
sandwich of Li+ with [c/oso-CBnMe^]’ and a half occupied benzene (iv).
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It is thought that peralkylated carborane anions could be even better candidates for 
use as weakly coordinating anions than halocarboranes, as the halogen lone pairs have 
been removed, and the only metal-anion interactions can be via C-H bonds. However, 
the carbonyl stretching frequencies of [FeCp(CO)2(CB11Me12)] 7^5] (2125'1 and 
2070cm'1) are similar to those of the [closo-CB 11 HeBre]’ analogue (2128cm'1 and 
2088cm'1),1[341 suggesting that both anions donate comparably to the metal centre or 
alternatively, ligation of [FeCp(CO)2]+ with the solvent (toluene) rather than the anion 
occurs in both cases. As none of these compounds have been characterised by 
techniques other than IR spectroscopy, caution should therefore be used in their 
assignment. The ranking of the nucleophilicity of [c/aso-CBnMe^]' using its [R3Si]+ 
salt has not yet been performed, perhaps because it decomposes in the presence of 
such a strong electrophile as is the case for [B{C6H4 (CF3)2 }4]*.t?6]
The neutral [c/oso-CBnMe^]* free radical has been isolated from the oxidation of 
Cs[CBnMei2] with Pb0 2 /CF3C0 0 H as a stable crystalline solid[75] and has been 
elegantly used to isolate a [R3Sn]+ salt by oxidative cleavage of hexaalkyldistannyl. 
The extremely electrophilic group 14 [R3E]+ ions are normally very difficult to isolate 
as they have low solubility in sufficiently inert solvents, the only examples being 
adducts of [R3Si]+ to toluene[77] or halocarboranes.[291 [«-Bu3Sn][CBnMei2] was 
prepared as in equation 1.15, and its crystal structure determined that it displayed a 
nearly sp hybridised Sn atom (Figure 1.16), suggesting only weak interactions 
between { B - C H 3 }  and [SnR3]+.I78]
[c/oso-CB^Me^]' "Bj-3Sn: ^ nB--3->. [nBu3Sn][CB11Me12] (1.15)
Pentane
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Figure 1.16: Crystal structure of [n-Bu3Sn][CBiiMei2] (Hydrogen atoms and one component of the 
disordered butyl groups are omitted for clarity) [78^
The Cs salt of [closo-C&\iMe^]" has been converted to [c/ojo-CBh(CF3 )i2 ]* via 
partial fluorination, using anhydrous HF, followed by perfluorination with Bartlett’s 
reagent (K2 NiF6) (Figure 1.17).‘79)
KzNiFe/HF
mixture
Figure 1.17: Synthesis of [c/o50-CB11(CF3)12]'
The large size (~8A diameter), absence o f strongly basic sites, oxidation resistance, 
and sterically protected delocalised charge makes [CBn(CF3 )i2 ]’ one of the closest 
approaches yet to the ‘ideal’ weakly coordinating anion. It is chemically resistant to
strong bases (20% KOH/EtOH) and strong acids (conc. H2 SO4 , anhydrous CF3 SO3H 
and BF3 /anhydrous HF). It is destroyed by heating to 250°C and by Na in anhydrous 
NH 3 . Unfortunately, the applications of this anion are limited as it is explosive! 
Scratching of solid samples in a Pyrex flask result in an explosion and its caesium salt 
bums vigorously when ignited. This instability is due to the greater strength of the B- 
F bond (154 kcal/mol in BF3 ) compared with the C-F bond (116 kcal/mol) coupled 
with the steric crowding of the substituents, calculated to be 144 kcal/mol, which is 
comparable to cubane (157 kcal/mol).[80]
1.6 Derivatisation of the C-H Vertex
Whilst the B-H bonds of [c/oso-CBnH^] are hydridic and amenable to electrophilic 
substitution, the C-H bond is acidic and can therefore be lithiated with 
butyl lithium . [ 1 11 Treatment of this lithio species with alkyl halides yields [l-R-c/aso- 
CBiiHn]' derivatives.[25] This procedure can be done either before or after further 
derivitisation of the cage (Figure 1.18).[81]
H ©
" B u L i, C H 3I
THF
CH, ©
xs. Br2, CH3C02H, O—• = BH
80°C, 2 days O-Br = BBr
f V
XS. B ^ ,  C H 3 C O 2 H ,
80°C, 2 days




Figure 1.18: C-alkylation before and after bromination
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The addition of an electron donating group such as CH3 onto the cage can promote 
electrophilic substitution reactions o f B-H bonds. For example, the direct chlorination 
of [c/oso-CBnHn]’ in refluxing glacial acetic acid for one month affords a mixture of 
products with the general formula [c/oso-CBiiHi2 -xClx]' (x = 9 - 11). The 
halogenation is not driven to completion as the electron withdrawing nature of the 
halogen atoms on the cage inhibit the electrophilic substitution reactions of any 
remaining B-H bonds. This effect is reduced with [l-CTh-c/oso-CBuHn]’, which can 
be fully chlorinated under the same reaction conditions resulting in the isolation of [ 1 - 
CH 3 -C/0 5 0 -CB1 1 CI1 1 ]' as the sole product. 12 7 1 C-arylation of [c/oso-CBnHn]" is more 
complex than C-alkylation, and is a multistep synthesis (equation 1.16) evolving from 
the reaction of benzaldehyde and decaborane to yield [6 -Ph-mV/o-6 -CB9 H ii]\ This is 
then converted to [l-Ph-c/oso-CBnHn]’ by treatment with BH3 (SMe2 ) or 
BH 3 (NEt3 ).[82] Subsequent derivitisation of this compound yields [ l , 1 2 -Pti2 -c/as0 - 
CBn Hio]' in 38% yield.[83]
. , ^  aq. ethanolic





[1 -P h -c/oso-l-C B n H n ]'
(1 .16)
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The compound [I-NH 3 -C/0 5 0 -CB1 1 H 1 1 ]' has been synthesised[84, 8 5 1 and had further 
substitutions performed on it.[86] It is also possible to metallate the carbon atom of the 
cage (equation 1.17). The synthesis of [N(«-Bu)4 ]2 [CuCl(CBnFn)] (Figure 1.19) 
demonstrates that there is still a wealth of coordination chemistry for closo- 
monocarboranes to be uncovered . 1671
[Cu(mesityl)]n + N(nBu)4CI + [N(nBu)4][1-H-CB11F11] ------------ -
[N ^ u M J C u ta X C B u F n )]  (1.17)
L F
Figure 1.19: [Cu(Cl)(CB„F„)f
1.7 Mixed Halo-Alkyl Derivatives
One of the newest concepts in the design of new [c/oso-CBuH^]’ derivatives is to 
combine the solubilising powers o f alkylation with the inertness of halogenation. This 
has led to the formation of [l-H-c/o50-CBnMe5X6]’ (X = Cl, Br I) anions (Figure 
1.20).[87]
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Figure 1.20: [\-U-closo-CBuMesX6]- (X = Cl, Br I)
These compounds have the stability in strong acids and bases associated with their 
hexahalogeno counterparts. The free acids are superacids, demonstrated by the ready 
protonation of benzene to form [C6 H7 ][HCBnMesBr6 ] that, remarkably, is stable to 
150°C. The solubility of [1Pr3 Si][HCBiiMe5 X6] in organic solvents is of an order of 
magnitude higher than that of the unmethylated analogues, whilst the 29Si NMR 
spectra display shifts similar to that of the hexahalogeno carboranes. The compound 
[CH3 ][HCBnMe5 Br6 ] can also be readily prepared, and is a stronger methylating 
reagent than methyl triflate.[87]
Very recently, the [c/ojo-HCBnMe5 Br6 ]* anion has been used to generate the 
compound [Si(mes)3 ][HCBnMe5 Br6 ] (mes = 2,4,6-trimethylphenyl) which was 
characterised by X-ray crystallography and 29Si NMR spectroscopy.t88] Amazingly, 
the silyl cation is sp2 hybridised and totally free of any intermolecular interactions 
from the anion or intramolecular interactions from the 2,4,6-trimethylphenyl ligand.
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1.8 Salts of [closo-CBnllnY anc* its Derivatives
One of the most important attributes of a weakly coordinating anion, besides its 
nucleophilicity, is that a wide range of salts can be prepared to facilitate metal 
coordination or generation of a ‘vacant’ coordination site on the metal centre. The 
general procedures for the interconverision between the different salts o f [closo- 
CB 1 1 H 1 2 ]' and its derivatives are well documented and can be applied in a general 
manner regardless of the degree or type of substitution (Figure 1.21). Some of the 
more useful cations include silver(I),[89] thallium(I),[90] [R3 Si]+,[29, 4 0 1  ferrocinium , [9 1 1  
trityl, 134 1 and [H(OEt2)]+ or H+ . [ 2 6 ’ 3 7 ' 3 8 1
Ag[1] --------------- ► [C Ph3][1]








Figure 1.21: Interconversion of [c/aso-CBuH12]' salts
The facile interconversion between the various salts of [closo-CBuHu]' and its 
derivatives is a useful tool in generating metal complexes o f the carborane anions, 
examples of which are shown in the next section.
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1.9 Transition Metal Complexes of [c/0S0-CBnHi2]" and its
Derivatives
The first significant report of the use of the weakly coordinating ability of closo- 
borate anions to generate novel metal complexes was reported by Zakharova, who 
used them to prepare the novel Pd(II) complexes [(r|3-C3H5)Pd(RCN)2]2 [BioBrio] (R = 
( C H 3 , C 6H 5) . [92] However, Reed was the first to champion the weakly coordinating 
properties of [c/aso-CBnHu]’ and its derivatives, over 15 years ago.[59] Surprisingly 
there have been relatively few transition metal complexes characterised containing the 
[c/oso-CBuHiz]' anion. This may be due to the perceived cost of the parent [closo- 
CB11H12]' anion, although the new synthesis recently reported by Michl et al. (section 
1.2.1) should decrease the price significantly making it more accessible to general 
chemists.[23]
1.9.1 Transition Metal Complexes Without Metal-Anion Coordination
The [c/aso-CBiiHi2]' anion has been used to partner a number of platinum cations of 
the general type [Pt(L-L)(C2H5)]+ (L-L = R2P(R’)PR2).t93,941 The ethyl group in these 
species adopts either an ethene/hydride or agostic alky coordination mode (Figure 
1.22), depending on the nature of the diphosphine. The [c/ojo-CBhHu]' anion shows 
no evidence of any strong intermolecular interaction with the cationic platinum 
species, either in the NMR spectra or solid-state structures of these complexes.
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E thene / hydride coordination A gostic ethyl coordination
Figure 1.22: The two coordination modes of (C2H5)
The isolation of copper(I) carbonyls was originally thought to need a superacid 
medium / 9 5 1 but it is the absence of counterion basicity that is actually required, as 
demonstrated with the use of the weakly coordinating [AsFe]* anion/ 9 6 1 The [1-Bn- 
CBiiFu]' and [1-Et-CBnFn]’ anions have also been used to isolate copper carbonyls. 
The presence of the benzyl group in [1-Bn-CBnFn]' negates the very weakly 
coordinating nature of the fluorinated cage, and hence reaction of the silver salt with 
CuCl in CH2 CI2  under a CO atmosphere yields [Cu(CO)2 (l-Bn-CB nFu ) ] [ 9 7 1  with the 





(Ellipsoids drawn at the 50% propability level)
Figure 1.23: Crystal structures of Cu(I) carbony complexes [97]
32
dicarbonyl to be structurally characterised. The same reaction with Ag[l-Et-CBnFn] 
results in the formation of [Cu(CO)4][l-Et-CBnFn], the first isolated copper(I) 
tetracarbonyl, with no anion-cation interactions in the solid state (Figure 1.23)J97] 
This is a nice demonstration of how arene groups should be avoided in systems 
designed for weakly coordinating anions.
In a similar manner, the [1-Et-CBnFn]" anion can also be used to isolate a 
nonclassical rhodium(I) carbonyl, [Rh(CO)4] [ 1 -Et-CB 11F11].[98] Nonclassical metal 
carbonyls are defined as those exhibiting v(CO)average > 2143cm'1. It is formed from 
the reaction of the characterised [(776-C6H6)Rh(CO)2][l-Et-CBnFn] salt with CO, 
either in the solid state or in solution. The crystal structure displays weak F—Rh 
contacts [3.220(9) -  3.588(9)A] and a weak C-H—Rh interaction [(C)H—Rh, 3.21 A] 
from the anion’s ethyl group.
Reed has used monocarboranes to isolate a number of compounds containing the 
[Fe(TPP)]+ moiety. This cation has been partnered with [c/aso-CBnHo]" to 
investigate the magnetic properties of a number of intermediate-spin iron(III) 
porphyrins. t " ' 101 ] These studies led to the use of [Fe(TPP)]+ to deduce a ranking of 
ligand field strengths for a number of anions.[64, 651 The Bronsted acid of [closo- 
CBiiHeCy has been used to protonate [(TPP)Fe-O-Fe(TPP)] and yield a diiron 
hydroxy bridged cation species, which is a proposed step in the pathway of a number 
of biological pathways.^1021 Attempts to isolate [Fe(TPP)(CBnH6Br6)] from the 
reaction of [Fe(TPP)(Br)] and one equivalent of Ag[CBnH6Br6] resulted in the 
unexpected formation of [Fe(TPP)][Ag(CBnH6Br6)2] which contains the novel anion 
[Ag(CBnH6Br6) 2] - . [601
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Figure 1.24: [Ag(c/ojo-CB|iH6Br6)2]'
The carboranes on the [Ag(CBnH 6 Br6 )2 ]’ anion (Figure 1.24) have half their normal 
overall charge, introducing a new concept for reducing the nucleophilicity of an 
anion.
1.9.2 Transition Metal Complexes Containing Metal-Anion Interactions
There have been a number of silver salts of [c/aso-CBnHn]’ and its derivatives 
isolated, the majority of which contain a variety o f silver-arene interactions in the 
solid stated22,25,31 ’ 103] Other than these simple silver salts, the first transition metal 
complex isolated and structurally characterised containing ligated [c/oso-CBuH^]’ 
was [Fe(TPP)(CBnHi2 )].[59] The solid state structure of this compound displays the 
cage bound to the iron centre via a B-H-Fe bond from the B(12) vertex. The 
lengthening of the B-H distance in this bond by ca. 0.2A is indicative o f an agostic 
type interaction.[43]
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The compound [Fe(Cp)(CO)2 (CBnHi2 )] is the final product of the metathesis reaction 
between Ag(CBnHi2 ) and Fe(Cp)(CO)2 l.[89] This reaction proceeds via an 
intermediate, postulated to be a halide bridged species (Figure 1.25).
^ A g  (CB11H12)
Figure 1.25: Postulated halide bridged intermediate
The [closo-CBuKn]' anion in the final product is coordinated via an agostic B-H-Fe 
interaction, again from the most basic B(12) vertex. The ’H NMR spectra of 
[Fe(Cp)(CO)2 (c/o5 o-CBnHi2)], and the closely related [Fe(Cp)(CO)2 (c/o5 o-CB9 Hio)], 
show that agostic binding of the anion to the metal persists in solution.[ 1 71 The 
NMR spectrum of [Fe(Cp)(CO)2 (c/osoCBiiH i2 )] also shows the presence of two 
different isomers, due to binding of the cage via the antipodal boron or the chemically 
equivalent lower pentagonal belt borons (Figure 1.26).
[Fe(Cp)(CO)3( 12-|i-H-CB, ,Hj ,)] [Fe(CpXCO)3(7-p-H-CB, ,H ,,)]
Figure 1.26: The two structural isomers of [Fe(Cp)(CO)2(x-p-H-CB11H11)] (x = 7, 12)
Treatment of Vaska’s complex, [IrCl(CO)(PPh3)2], with [Ag(CBnHi2 )] or 
[Ag(CBnH 6 Br6 )] does not result in the halide abstraction of chlorine.134,104] Instead a
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metal-metal adduct is formed (Figure 1.27), which is a consequence of the anion’s 
low nucleophilicity hindering the displacement of [Cl]".
Ag
PPh
Figure 1.27: Adduct of [Ag(CBnH12)] and [IrCl(CO)(PPh3)2]
All of the previous examples show a metal interaction with one B-H vertex. However, 
the [c/oso-CBiiHi2]' anion can also bind to a metal via two or three B-H vertices. 
Because o f the large size of the anion the number o f metal-cage bonds is heavily 
dependant on the steric environment around the metal, elegantly displayed by Jordan 
et. al using some zirconium (IV) compounds. The oxidative cleavage of zirconium 
alkyls using [Ag(CBnHi2 )] as a one electron oxidant resulted in the formation of a 
range of compounds (equations 1.18 and 1.19), displayed in Figure 1.28.[91j
[(C5H4R')2ZrR2] + A g lC B u H ^  --------- ►
[(C5H4R')2Zr(R)(CB11H12)] + 1/2R-R + Ag°(1.18) 
1: R = ii2-CH2Ph; R '= H 
2: R = CH3;R' = CH3
[CpZr(CH3)3] + Ag[CB11H12]  *■
[CpZr(CH3)2(CB11H12)] + 1/2CH3CH3 + A g°(1.19)
3
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Figure 1.28: Structure of complexes 1, 2 and 3
The (r|2 -CH2 Ph) group in 1 is bound to the metal through the methylene carbon and 
phenyl n systemJ1 0 5 1 Compounds 1 and 2 have sufficient steric bulk around the metal 
to force the carborane to bond to the metal in an r\l fashion, with a more linear B-H- 
Zr bond angle for 1 (ca. 159°) compared to 2 (<ca. 123°), reflecting more steric 
crowding of the metal centre in 1. The carborane in 3 coordinates in a tridentate 
manner because of insufficient steric shielding around the zirconium atom to dictate 
the way in which the cage can bind.
There have been a few examples isolated of [c/oso-CBnH^]’ binding in an r| 
fashion, using square planar platinum and rhodium metals. A series of platinum 
compounds, with the general formula [Pt(L-L)(CBnHi2)] (L-L = chelating 
diphosphine) have been synthesised . 1 1 0 6 1  The compound [Rh(COD)(CBnHi2 )] (COD 
= cyclooctadiene) (Figure 1.29) was prepared by treatment of [Rh(Cl)(COD ) ] 2  with 2  
equivalents o f [Ag(CBuHi2)].t1071 Both of these systems show a distorted square 
planer coordination sphere around the metal, with the carborane bonded via two B-H- 
Metal bonds that display all the typical features of agostic B-H interactions in the 
solid state and solution (eg. close B-H-M interactions in the solid state and upfield 
shift of coordinated hydrides in the ]H NMR spectrum).
Figure 1.29: Crystal strucure of RhCCODXCBuHu)11071 
(Ellipsoids are drawn at the 30% probability level)
The only structurally characterised example of a substituted [c/oso-CBuH^]" anion 
directly bound to a transition metal centre is [Fe(TPP)(c/aso-CBnH6Br6)], prepared 
from the reaction of [Fen(TPP)] with one equivalent o f the radical salt 
[(BrC6 H4 )3 N*][CBnH6Br6].t65] The crystal structure shows the carborane anion bound 
to iron via Br(7) as opposed to Br(12) (Figure 1.30), because the antipodal bromine is 
too sterically hindered by the surrounding bromines. This is in contrast to [closo- 
CB 1 1 H 1 2 ]' for which the antipodal B-H vertex interacts in [Fe(TPP)(CBnHi2 )]
Cr
Figure 1.30: Crystal structure of [F eC rP P X C B nH ^)][65] 
(Thermal ellipsoids drawn at 30% probability level)
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1.10 Catalytic Species Containing [closo-CBuHnY and its 
Derivatives
The evaluation of the performance of catalysts containing [c/oso-CBnHn]’ in alkene 
polymerisation reactions has been studied using compounds 1, 2, 3 (equations 1.18 
and 1.19).1911 The most reactive of these species, 1 (Figure 1.28), polymerises ethylene 
in toluene solutions. As discussed previously, the less sterically bulky compound 2 
contains a stronger metal-cage interaction and is less reactive in polymerisation than 
compound 1, but can still oligomerise propene. Complex 3 does not polymerise or 
oligomerise alkenes at an appreciable rate, suggesting that rj coordination of a 
carborane cage makes it a lot less labile than when bound in an ri1 fashion, as is the 
case for 1 and 2, blocking vacant sites needed for alkene coordination. Attempts have 
been made to use the related [(Cp)2ZrCq2-C,N-C {=NlBu} CH3XCB11H12)] complex for 
the regioselective acetylation of alkynes and alkenesJ108^ Initial reactions showed 
good reactivity but it is thermally sensitive, air sensitive and reacts with chlorinated 
solvents so a more robust complex containing the [(CH3)B(C6Fs)3]* anion was used 
instead.
Until the work presented in this thesis, only two examples of comparative studies on 
the catalytic performance of [closo-CQuYin]' against other weakly coordinating 
anions had been reported. Rhodium complexes with nitrogen containing ligands 
(Figure 1.29) can catalyse aryl transfer to aldehydes (equation 1.2O).[109] For this 
reaction, the counterions were ranked in the order [c/oso-CBnHn]’ > [PF6]' > [BF4]" > 
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Catalyst (0.5mol% )
Another study has been performed on the rate o f photoacid generation from diaryl 
iodonium salts containing weakly coordinating anions.1110] These iodonium salts are 
used as initiators for cationic polymerisation reactions. Figure 1.30 displays the 
structures of the initiators used in the reaction and equations 1 . 2 1  and 1 . 2 2  shows the 
reaction to form HX.
[Ar-I-Ar1+[X]' — [Ar-I]+ [X]* + [Ar'] (1 .21)
[Ar-I]+ [X] + RH ------► Ar-I + [R] + HX (1.22)
The borate anions included in this study (compounds 4, 5 and 7) are thought to be 
some of the most weakly coordinating known because of the delocalisation of the 
charge over such a large molecule, similar to carboranes. The results showed the 
initiator activities decrease in the order 8 > 7 > 4 > 6 > 9 > 5 > 1 0 .
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Imidazolide 4: (C6F5)3B— N ^ ^ N — B(C6F5)3
Dianion 5: (C6F5)3B - ^ ~ ^ —  B(C6F5)3
F F
Carborane 6: [c/oso-CB^H eBrg]'
Borate 7: [B(C6F5)4]'
G aliate 8: [G a(C 6F5)4]'
Antimonate 9: [S b F 6f
Chloride 10: [Cl]'
Figure 1.30: Structure of initiators
The compound [Li(CBnMei2 )] has been used to generate a Li+ cation stabilised only 
by solvent interactions making it a potent electrophile. Lithium cations are used for a 
number of organic transformations and this species has been used as a catalyst for 
pericyclic rearrangement reactions and displays very high rates of rearrangment 
(Figure 1.31).111’1
Li(CB11M e12)
Figure 1.31: Rearrangement of cubane to cuneane
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1.11 Summary
The chemical stability and weak nucleophilicity of a wide range of carborane 
monoanions has been presented. There are only a few examples of well characterised 
transition metal complexes of [c/oso-CBnHu]', and little work has been published on 
the transition metal chemistry of these monocarborane anions. The formidable array 
of [c/ayoCBnHi2] derivatives developed recently, including the peralkyl- and 
perfluoro- carborane anions, show great promise as candidates for the title of most 
weakly coordinating anion. Once reliable synthetic strategies have been developed 
for metal complexation of these anions, there is a wealth of transition metal chemistry 
to be discovered. Applications range from improvements in rates for Lewis acid 
mediated catalytic reactions to generation of complexes that cannot be isolated with 
the more nucleophilic, less stable anions available at present. This thesis will detail 
synthetic strategies for the isolation of some well defined novel transition metal 
compounds containing [c/aso-CBnHn]" and its derivatives, and for the first time 
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2 Silver  Salt Metathesis Reactions
2.1 Introduction
Silver(I) salt metathesis is one of the most widely used methods for introducing an
anion into a metal’s coordination sphered1’ 2] It requires a labile metal halide and a
silver derivative of the anion. The precipitation of silver halide provides a large 
thermodynamic driving force towards the products of reaction (Equation 2.1), 
producing a metal complex with the anion bound to the metal. If the anion is a
LnMX + AgY ------------------ LnMY + AgX(s) (2.1)
Y = W eakly coordinating anion  
X = Halide
weakly coordinating one (such as [BF4 ]', [PF6 ] \  [CIO4 ]’ or [BPlu]') it can then in turn 
be displaced by another anion, or a two electron donor ligand such as PR3 , alkene, 
alkyne, THF or CO making it a very powerful tool in the synthesis of cationic or 
neutral complexes. Examples of complexes synthesised via this route include 
[FeCp(CO)2 L]+ (L = alkene, 131 alkyne , 141 and THF151), [Rh(PPh3 )(CO) 3 ] + , [61 and the 
[Mn(CO)3 (CH3 CN)3 ]+ cation, generated from the reaction of [Ag(PFe)] and 
[Mn(CO)sBr], that has been shown to be a useful precursor for cationic manganese 
carbonyl compounds such as [/hc-Mn(CO)3 (PMe2 Ph)2 (CH3 CN)]+ and [fac- 
Mn(CO ) 3  {P(OMe)3} (CH3CN)2]+.[7>
The silver induced halide abstraction of alkyl halides was studied in detail during the 
1960s and 1970s, from which a number o f complex rate laws were d e te rm in ed . In
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contrast, the silver salt metathesis of transition metal halides has received very little 
mechanistic attention over the years. This is perhaps surprising given the ubiquitous 
use of this technique in producing a wide and varied range of transition metal 
complexes. The earliest foray into the elucidation of the mechanism of silver salt 
metathesis was by Graham in 1981.t9J The reaction between [FeCp(CO)2l] and 
Ag(BF4) in CH2CI2 ultimately yields [FeCp(CO)2(BF4)], but the normally very quick 
silver salt metathesis process is slowed so that complete reaction takes about two 
hours. It was therefore possible to monitor the reaction using NMR spectroscopy, 
which detected the presence of a number of reaction intermediates. These 
intermediates are postulated to be [FeCp(CO)2lAg][BF4] and [{FeCp(CO)2}2l][BF4], 
and monitoring their relative concentrations allowed elucidation of a reaction 
mechanism. The first part of the mechanism is the rapid formation of 
[FeCp(CO)2lAg][BF4] which decomposes to form [FeCp(CO)2(BF4)] and Agl 
(Equations 2.2 and 2.3). The [FeCp(CO)2(BF4)] generated then reacts with another 
equivalent of [FeCp(CO)2l], which is in excess in solution due to the poor solubility 
of Ag(BF4) in CH2C12, to yield [{FeCp(CO)2}2l][BF4] (Equation 2.4).
Fp = {FeCp(CO)2}+
Fpl + Ag(BF4) — [FplAg][BF4] 
[FplAg][BF4] - S|0W ► [Fp][BF4] + Agl
(2.2)
(2.3)
[Fp][BF 4] + Fpl [Fp2l][BF4] (2 .4)
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The second part of the mechanism starts once all of the [FeCp(CO)2l] has been 
converted to [{FeCp(CO)2 }2l]+ (Equation 2.5).
[Fp2l][BF4] Fpl + [Fp][BF4] (2.5)
The [FeCp(CO)2l] generated from equation 2.5 reacts immediately with the second 
equivalent of [Ag(BF4)], but the concentration of [FeCp(CO)2(BF4)] can now increase 
as the concentration of [FeCp(CO)2l] has decreased because of the formation of 
[{FeCp(CO)2}2I]+ and [FeCp(CO)2IAg]+.
A similar study on the same [FeCp(CO)2l] system using the weakly nucleophilic 
[closo-CBnHn]' anion instead of [BF4]' was performed by Reed.[10] The reaction 
takes two weeks to reach completion, but this time only one intermediate is observed 
in the reaction mixture. It was characterised by IR and NMR spectroscopy as 
[FeCp(CO)2l-Ag(CBnHi2)], written as the neutral adduct instead of the ionic 
[FeCp(CO)2l-Ag][CBnHi2] because in the IR spectrum the v{B-H) stretches of 
[closo-CBnHuY is split, suggestive of anion coordination. At no time in the reaction 
was the presence of the intermediate [{FeCp(CO)2 }2l]+ detected, as seen when using 
[BF4]\ Attempts to induce its formation by reaction of [FeCp(CO)2l] and 
[FeCp(CO)3(CBnHi2)] do not work, implying that the carborane anion is actually 
strongly bound with respect to [BF4]'.
Incomplete silver halide metathesis is observed in the reaction of [Ag(CBnH6Br6)] 
with HC1 in diethyl ether.[2] The reaction reaches only 25% completion due to the 
formation of [H(OEt2)2][Ag3(CBnH6Br6)4], that precipitates out of solution. This
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compound has a polymeric chain structure in the solid state and is therefore not very 
soluble resulting in the cessation of the reaction. Concurrent to this observation of 
incomplete metathesis by Reed, is the presence of a thermodynamic barrier to 
metathesis when using silyl halides. The treatment of a silyl halide with silver 
perchlorate results in the instantaneous formation of the metathesis product (Equation
2.6). The same reaction with silver hexabromocarborane does not proceed (Equation
2.7), but can be reversed (Equation 2.8) once the metathesis product has been 
synthesised by an alternative route showing that thermodynamically the metathesis 
reaction is disfavoured.1111
1 PrSil + Ag(CI04) toluene K i PrSj(0 C |0 3) + Ag[(s) (2.6)
'PrSil + AgfCBuHeBre) toluene > no reaction (2.7)
/ PrSi(CB1iH6Br6) + Agl(s) t0'uene ► 'PrSil + Ag(CB11H6Br6) (2.8)
The mechanism of chloride abstraction has also been studied using metal nitrosyl 
complexes of general formula [Mo(NO)2L2Cl2] (L = PPI13, CH3CN, pyridine, PhCN, 
CH2=CHCN). Reaction of these compounds with the silver(I) salts of [BFJ", [CIO4]* 
and [PF6]‘ were monitored using conductimetry, potentiometry, IR, NMR and UV/Vis 
spectroscopy. The titration of successive amounts of the silver salts to a solution of 
[Mo(NO)2L2Cl2] leads to quantitative and successive formation of mono- and di- 
cationic complexes in which the chloride has been replaced by solvent molecules 
(Figure 2.1). No intermediates in the formation of the cationic species were observed. 
The complexes are in equilibrium and addition of stochiometric amounts of chloride 


















L = CH3CN 
P P h3 
PhCN
Figure 2.1: Formation of mono- and di-cationic complexes
complexes. Because of this equilibrium, it is not possible to isolate 
[MoCl(NO)2 (PPh3 )2 (CH3 CN)]+ in a pure form as it disproportionates in solution to 
yield the dichloro and dicationic complexes.
A study on the kinetics of a silver salt metathesis reaction between a square planar 
platinum complex and Ag(BF4) (Equation 2.9) has recently been reported . 1121
[PtCI(Me)(N-N)] + Ag[BF4] — CH3CN ■» [Pt(Me)(CH3CN)(N-N)][BF4] (2.9)
N-N =
The reaction is slow, taking 24 hours to reach completion, and a reaction intermediate, 
[{Pt(Me)(N-N)Cl}2 Ag]+> was isolated and structurally characterised. The kinetic study 
showed that, in solution, the initial reaction is the rapid formation o f two intermediate 
complexes, both of which decompose slowly to yield the final metathesis product 
(Figure 2.2). However, the equilibria between the intermediate species and starting 
material are very fast, resulting in time averaged NMR signals even at low 
temperatures, precluding the observation of the solvent stabilised complex.
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' + [Ag(BF4)]
CN///„. ,^ \M e 1 [BF4]N Solvent
+ c h 3c n
+ [PtCI(Me)(N-N)]
c n c c h 3
A g \
Figure 2.2: Proposed mechanism for the silver salt metathesis of [PtCl(Me)(N-N)]
Silver salt metathesis reactions proceed very smoothly in the majority of metal-ligand 
systems in which they are employed. However, there are several examples where 
metathesis reactions do not proceed smoothly. This can be for a number of reasons, 
including the formation of a stable silver-metal adduct species, only partial metathesis 
occurring, or there simply is an insufficient thermodynamic driving force for reaction. 
These situations tend to arise when using the silver(I) salts of weakly nucleophilic 
anions. The complex rra«5-[PtCl2(C6F5)2][NBu4]2 reacts with Ag(N03) or Ag(C104) 
without any AgCl precipitation to give [Pt2 Ag2 Cl4 (C6 F5 )4 ][NBu4 ]2 .[13] The anionic 
portion of this complex is a dimer bridged by two silver atoms with Pt-Ag and Ag-Ag 
interactions.
An example of silver-metal adduct formation instead of metathesis is the generation 
of [IrCl(CO)(PPh3)2 'Ag(CBnHi2 )] from the treatment of Yaska’s complex,
[IrCl(CO)(PPh3)2], with Ag[CBnHi2].[14] The stable Lewis acid-base adduct formed
contains iridium bound to the silver through the lone pair in its d^ orbital (Figure
1.27, section 1.9.2).
Adduct formation as opposed to metathesis has also been observed when using the 
main group metals, tin and germanium. Treatment of [{("Pr^ATllMCl] (M = Ge or 
Sn) with [HB{3 ,5 -(CF3 )2 Pz}3 ][Ag('n2 -toluene)] results in the formation of the 1:1 
adduct [HB{3,5-(CF3 )2 Pz}3 Ag<-M(Cl){("Pr)2 ATl}] (Figure 2.3).[15’16] In comparison, 
if  the same reaction is done with [Ag(S0 3 CF3)] rapid metathesis occurs to generate 







Figure 2.3: Crystal structure of [HB{3,5-(CF3)2Pz}3Ag<— Ge(Cl){("Pr)2ATl}]
This chapter will discuss the synthesis o f a number o f compounds using silver salt 
metathesis reactions with [c/aso-CBnHi2]' and its derivatives. This work was started 
in 1999, when the only published work on the intermediates o f reaction was on the
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{FeCp(C0 )2 }+ system by Reed and Graham. However, none of these intermediates 
had been structurally characterised. Our goals were to try and isolate an intermediate 
in a silver salt metathesis reaction as well as to synthesise some novel transition metal 
complexes containing [c/ojo-CBnHgXe]* (X = H, Br). Examples of these anions 
coordinated to a transition metal centre are rare and it is important to find the best 
techniques for their synthesis, as well as determining how the anion binds and what 
properties the resulting species have. This chapter details the isolation and 
characterisation of the products and intermediates found in the reaction of 
[MoCp(CO)3X] (X = Cl, I) with [Ag(CBnH6Y6)] (Y = H, Br).
2.2 Results and Discussion
2.2.1 [MoCp(CO)3(x-p-H-CBiiHn)] (x = 7,12)
Reaction of [Mo(Cp)(CO)3Cl] with one equivalent of Ag(CBnHi2) in CH2CI2 was 
monitored by IR spectroscopy. After 30 minutes, the two carbonyl stretching 
frequencies associated with the starting material (2056 and 1977cm'1) were replaced 
by two stretching frequencies at higher frequency (2064 and 1980cm'1). Continued 
stirring for a further 2 days results in the gradual precipitation of AgCl, and 
replacement of the these peaks in the carbonyl region of the IR spectrum by two CO 
stretches at an even higher wavenumber (2071 and 2001cm'1). The AgCl precipitate 
was removed by careful filtration of the red solution formed through Celite, and red 
crystals grown in good yield by layering the reaction mixture with hexanes. The final 
product [MoCp(CO)3(x-p-H-CBnHn)] (x = 7, 12), complex I, was fully characterised 
by X-ray crystallography, elemental analysis, IR and NMR spectroscopy.
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The solid state structure of the zwitterionic complex I is show in Figure 2.4, with 
relevant bond lengths and angles in Table 2.1. The molybdenum adopts a four legged 
piano stool geometry with the carborane bound to the metal centre via a single B-H- 
Mo 3-centre-2-electron interaction. The X-ray diffraction data was of sufficient 
quality to be able to locate and freely refine the position of the bridging cage 
hydrogen (HI 2 ) in the electron difference map, while the carbon atom of the cage was 
located unambiguously by comparison of bond lengths and thermal parameters within 
the cage. The bond lengths and angles associated with the boron and carbon atoms of 
the carborane cage are unremarkable. The cage bonds, as expected, via the most basic, 
antipodal, B(1 2 )-H(1 2 ) linkage [M o(l)-B(1 2 ) 3.003(3) A; Mo(l)-H(1 2 ) 1.92(3)A], 
The agostic nature of this bond to Mo(l) is demonstrated in solution by inspection of 
the NMR data discussed later, but evidence can be seen in the solid state by the 
movement of the B-H vector off the C(l)-B(12) axis by 18(1)°. This allows more 
efficient overlap of the bonding B(12)-H(12) c  electron pair with a suitable vacant 
orbital on the molybdenum centre, in addition to minimising the steric interaction 
between the cage and metal ligand set. The B(12)-H(12) bond length is the same as 
that seen in [FeCp(CO)3(CBnHi2)][10] [1.18(2)A], but slightly shorter than other 
complexes where the cage is agostically bound and the hydrogen atom has also been 
freely refined which in both cases was 1.25A.[14, 171 The B(12)-H(12)-Mo(l) bond 
angle of 153(2)° is similar to other M-H-B linkages where [c/asoCBnH^]' is bound 
in an ri1 fashion and the hydrogen has been freely refined, eg. 
[Fe(Cp)(CO)2(CBiiHi2)] 141(2)° and [Fe(TPP)(CBnHi2)] 151(2)°. Both of these 
complexes also have the hydrogen ‘tipped’ off the C(l)-B(12) axis by 10° and 6 ° 
respectively (standard deviations unavailable).110,17]
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Figure 2.4: Crystal structure of [MoCp(CO)3(CBuHi2)], I 
(ellipsoids drawn at 30% probability level)






Table 2.1: Selected bond lengths 
and angles for complex I
The IR spectrum of I reveals the two expected CO stretching bands at 2071cm'1 and 
2001cm'1. These are shifted to a higher wavenumber than the starting material 
[MoCp(CO)3Cl] (2056 and 1977cm'1) reflecting weaker metal-ligand back bonding, 
indicative of reduced electron density and increased positive charge on the 
molybdenum centre. The bridging Mo(l)-H(12)-B(12) bond is observed as a very 
broad stretch around 2240cm"1. The CO stretching frequencies of I can be compared 
to other complexes of the general formula [MoCp(CO)3X] (X = weakly coordinating 
anion) (Table 2.2), as done by Reed for [FeCp(CO)2(X)] (section 1.4.2). Using this 
table as a guide to rank the nucleophilicity of an anion, [c/oso-CBnHu]’ fits in 
between [SbFe]' and [BF4]' in terms of coordinating ability.
X A verage vCO in CH2CI2 (c m 1) R eference
cr 2017 [181
b f4* 2021 [18]
c/oso-CBh H12* 2036 This work
SbF6' 2040 [19]
Table 2.2: Average carbonyl stretching frequencies for [MoCp(CO)3X]
The ^ { "B }  NMR spectrum of I (recrystallised sample) at room temperature shows 
two Cp resonances at 5 5.86 and 8  5.79 in an approximate ratio of 1 : 2.5. The signals 
for cage {B-H} vertices are seen at 8  1.79 and 8  1.6 6 , and a signal corresponding to 
the cage C-H is observed as a broad peak at 8  2.53. The peak for the bridging B-H-Mo 
proton is observed at 8  -15.11 and appears as a partially collapsed quartet in the room 
temperature NMR spectrum, and as a broad singlet in the room temperature 
^ { "B }  NMR spectrum. The large upfield shift seen for this proton has been 
observed in related systems characterised by Stone which also contain B-H-Mo
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bonds, such as [MoRuOlTi^-CHtCeHiMe-^-V.g^Bs.HttKCOMT^-CsHs ) ] . 1 2 0 ' 2 2 1  
The coupling constant for this bridging hydrogen [./(BH) = 87Hz] shows a decrease 
when compared with that of [N(Bu)4 ][CBnHi2 ] [./(BH) = 143Hz], and is indicative of 
a weakening of the B-H bond. The reduced coupling constant compared to that of a 
two-centre two-electron B-H bond mirrors the reduction in 1 3 C-!H coupling found for 
C-H—M agostic linkages versus C-H bonds,[23- and is consistent with the agostic 
interaction observed in the solid state for I persisting in solution.
On cooling the sample to -90°C the ratio of the two peaks in the Cp region of the 
'H ^ B }  NMR spectrum does not change significantly. Inspection of the highfield 
region of the spectrum at this temperature now shows two singlet peaks (Figure 2.5), 
due to thermal decoupling at the lower temperatures, at 8  -15.46 and 8  -15.55 in 
approximately the same ratio as the Cp resonances. This again suggests the presence 
of two isomeric forms in solution.
-14.5 -15.0 -15.5 -16.0d
Figure 2.5: Highfield region in the 1H{1IB} NMR spectrum at -90°C (top) 
and room temperature 'H NMR spectrum (bottom) of complex I
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The major isomer in solution is assigned as [MoCp(CO)3 ( 1 2 -p-H-CBuHn)] and the 
minor isomer as [MoCp(CO)3 (7 -p-H-CBnHii)] (Figure 2.6). This form of 
isomerisation has been observed in the related [FeCp(CO)2 (CB9 Hio)] and 
[FeCp(CO)2 (CBnHi2 )] compounds[24] as mentioned in section 1 .8 .2 .
[MoCp(CO)3(12-p-H-CB-i 1H11)] [MoCp(CO)3(7-p-H-CB1 , H U )]
Figure 2.6: Isomeric forms of compound I in solution
Further evidence of the two isomers in solution can be obtained from inspection of 
the 1 !B{’FT} NMR spectrum. The major peaks observed at 5 -13.7 (IB), 6  -15.0 (5B) 
and 5 -17.2 (5B) are indicative of a Csv symmetric carborane and are assigned to the 
12-isomer of I, assuming free rotation around the Mo(l)-H(12)-B(12) bond. The 
1 !B {1H} NMR spectrum of the 7-isomer would be expected to display 7 peaks in the 
ratio 1:1:2:2:2:2:1 (Figure 2.7), but only two other unique resonances are observed in 
the n B NMR spectrum at 5 -8.0 [J(BH) = 116Hz] and 6  -21.9 [J(BH) = 6 8 Hz], These 
two peaks of the 7-isomer are tentatively assigned as the antipodal boron at 5 -8.0, 
shifted 0.4 ppm downfield from B(12) in Ag(CBnHi2 ) (d^-acetone), and the peak at 8  
-21.9 as B(7) because of its upfield shift and low coupling constant which is 
diagnostic of coordination. The other peaks of the 7-isomer are presumably coincident 
with the peaks of the major isomer and cannot be observed.
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TFigure 2.7: The seven unique boron positions of [7-p-H-c/o5o-CBnHn]' ligated to a metal
In the UB NMR spectrum of the 12-isomer, the n B-'H coupling constant of the 
antipodal boron is ca. 90Hz, although care should be taken with this value as the 
doublet appears as a shoulder to a peak from a larger high field resonance. As 
expected, it is similar to that found in the *H NMR spectrum [./(BH) = 87Hz]. The 
coupling constants of the remaining two peaks corresponding to the lower [/(BH) = 
151Hz] and upper [/(BH) = 151Hz] pentagonal belt borons of the 12-isomer, are 
similar to the values seen for [NBii4 ][CBnHi2 ] [CD2 CI2 ; B (7-ll), /(BH) = 140Hz; 
B(2-6), /(BH) = 153Hz] indicating that they are not interacting with the metal in the 
1 2 -isomer.
A variable temperature NMR experiment between 20°C and 100°C was performed to 
probe whether or not the 7- and 12- isomers of I exchange in solution. Warming a 
solution of I in dg-toluene resulted in the coalescence of the two Cp resonances at 
100°C, perhaps indicating chemical exchange of the two isomers. There is a slight 
ambiguity in this experiment though, because as the temperature increases the signals 
of the already close in chemical shift Cp resonances broaden. In order to conclusively 
show exchange of the isomers, a ]H EXSY (EXchange SpectroscopY) experiment 
was performed on I at 50°C. This is a 2-dimensional NMR experiment that can
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indicate chemical exchange in slow (on the NMR timescale) exchange systems. The 
EXSY spectrum for I displays clear cross peaks between the two Cp resonances 
showing the two isomers to be related by an exchange process in solution.
This exchange process is likely to be an intramolecular rearrangement of the cage 
rather than an intermolecular exchange process given the relatively high strength of 
the Mo-H-B bond as evidenced by the highfield shifts and small coupling constants 
for the bridging hydrogen. The fluxionality of a metal about the surface of a boron 
cage has been observed for a large number of compounds, and is normally a very 
facile process that cannot be slowed at low temperature.[25,26]
These results demonstrate that the solution and solid state properties of compounds 
containing [c/oso-CBnHu]" need to be compared carefully as the crystal structure of I 
shows only the presence of one of the two isomers seen in solution. This is most 
likely to be because of disorder within the crystal lattice of I that cannot be detected 
easily by X-ray crystallography due to the one electron difference between carbon and 
boron.
It was initially surprising to note that compound I is stable at room temperature in 
solution, and also in the solid state, for at least a week in air. The analogous 
compounds [MoCp(CO)3(BF4)] and [MoCp(CO)3(SbF6)]» synthesised by Beck et. al, 
have to be prepared and handled at temperatures below 0°C, are extremely air 
sensitive, and will react with trace amounts of any weak nucleophile present. 
However, the similarity of carbonyl stretching frequencies in the [BF4]', [SbF6]' and 
[c/aso-CBiiH12]' complexes (Table 2.2) suggests that all these anions have similar
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coordinating ability in the scheme originally suggested by Reed.[27] The relative 
stability of I means that [closo-CB11H12]' is affording the metal some degree of 
stability either by steric shielding of the reactive metal centre, or by forming a 
stronger bond than [ B F 4 ] '  and [SbF6]". In support of the strong Mo-H-B bond, I is 
stable in CD2CI2 solutions containing 1 equivalent of acetone or water for at least 30 
min. (as determined by NMR spectroscopy), and only strong nucleophiles such as 
[Cl]* displaces the anion in complex I. In contrast, the analogous [MoCp(CO)3(BF4)] 
complex is extremely sensitive to the presence of water.1281 What is clear is that whilst 
some spectroscopic guides (i.e. IR spectroscopy) suggest that [c/aso-CBnHn]' is 
acting as a weakly coordinating anion in I, comparable with [SbFe]’, this cannot 
necessarily be directly related to the reactivity or stability of such complexes.
2.2.2 Isolation of the Reaction Intermediate; [MoCp(CO)3l-Ag(CBnHi2 ) ]2
Having isolated and characterised the final product of the reaction (I), attention turned 
to the isolation of the intermediate species seen in the IR spectrum of the reaction. 
Monitoring the reaction between [MoCp(CO)3Cl] and [Ag(CBnHi2)] by IR 
spectroscopy showed that the intermediate species could not be isolated as the sole 
component of the reaction mixture at any stage of the reaction. If [MoCp(CO)3l] is 
used instead of [MoCp(CO)3Cl], complete reaction to the final metathesis product 
now takes seven days instead of just two. The longer reaction time is presumably due 
to the higher lattice energy of AgCl (calculated total lattice potential energy, U p o t  =  
864kJmol*1) compared to that of Agl ( U p o t  = SOSkJmol*1).*291 The reaction of
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[MoCp(CO)3 l] and [Ag(CBnHi2 )] in CH2 CI2  was carefully monitored by IR 
spectroscopy, which after 3 hours showed the complete conversion of the starting 
material CO stretching bands to two new frequencies at 2054 and 1973cm'1, 
corresponding to an intermediate species. Continued stirring results in the gradual 
formation of Agl as a dark precipitate and the complete conversion of intermediate to 
the final metathesis product, as determined by IR spectroscopy (Figure 2.8).
- -  [M oCp(CO)3l]




—  Final Product, I (7 d ays)
oC/)■O<
2 4 0 0 2200 20002 6 0 0
W aven u m b er (cm '1)
Figure 2.8: Selected IR spectra from the reaction of [MoCp(CO)3I] and [Ag(CBnH12)]
The NMR spectra of the final metathesis product from this reaction are identical to 
those of compound I. As can be seen from Figure 2.8, after three hours of reaction the 
intermediate is the only species present, and can be isolated by removal of the solvent 
in vacuo to yield a red solid. Recrystallisation (CF^C^/hexane) at -30°C yielded small 
red crystals of the intermediate species in reasonable yield. The crystals were fully 
characterised by X-ray crystallography, micro-analysis, IR and multinuclear NMR 
spectroscopy and were shown to be [MoCp(CO)3 LAg(CBnHi2 )]2 , complex II.
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The solid state structure of II is shown in Figure 2.9 with pertinent bond lengths and 
angles in Table 2.3. The molecule adopts a crystallographically imposed C2 dimeric 
structure containing two silver atoms bridging two {MoCp(CO)3l} fragments. The 
two Ag-I bond lengths are significantly different, Ag(l)-I(l) 2.9748(10)A and Ag(l)- 
I(1A) 2.7599(9)A. These Ag-I bond lengths are similar to that seen for other {Ag2l2 } 
cores, which also display different bond lengths for the two Ag-X (X = halogen atom) 
interactions.[30,31] To the best of my knowledge, no other examples of this {Ag2X2 } 
type core exist that contains two transition metal halides bridged by two silver atoms. 
However, there have been recently reported examples of a similar type core where 
just one silver atom bridges two metal halides in a {X-Ag-X} fashion, 
[ {TpRe(NC6H4Me-p)(Ph)I} 2Ag] [PFe][32] [Tp = tris-(pyrazolyl)borate]. The complex 
[ {Pt(Me)(N-N)Cl}2Ag][BF4] [N-N = (1,5-Me2-C6H4)NC(CH3)C(CH3)N(l ,5-Me2- 
C6H4)] has been reported very recently (2002)J12^ and is one of the intermediates in 
the silver metathesis reaction between [PtCl(Me)(N-N)] and [Ag(BF4)]. However, the 
crystal structure of this complex shows that, as well as bridging two halide atoms, the 
silver also bonds to one of the platinum metal centres so cannot be considered to have 
a true {X-Ag-X} type core. The Ag(l)-Ag(l A) bond length in II, 3.3426(11)A, is too 
long to be considered a metal-metal interaction. The Mo-I bond length, 2.865(2)A, is 
similar to that found in the related compounds [Cp2Mo2(CO)4(p-I)2][33] [Mo-I 
2.853(1)A] and [MoCp(CO)2(P(OEt)3)I]l34] [Mo-I 2.8628(6)A]. The puckered nature 
of the {Ag2l2 } core and syn orientation of the two {MoCp(CO)3 } fragments, with 
respect to the Ag-I-Ag-I butterfly, leaves an apparent vacant coordination site on each 
silver centre. Inspection of the packing diagram reveals that a B(12) vertex from a 
carborane in an adjacent asymmetric unit is interacting with the silver, resulting in the
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Figure 2.9: Crystal structure of [MoCp(CO)3IAg(CBnH|2)]2, II 
(ellipsoids drawn at 30% probability level)
M o (1 ) - l (1 ) 2 . 8 5 9 9 ( 8 ) A
Ag(i)-!(1) 2 . 9 7 4 8 ( 1 0)A
A g ( i  ) - l ( i  A) 2 . 7 5 9 9 ( 9 ) A
A g ( 1 ) - A g ( 1 A ) 3 . 3 4 2 6 ( 1 1)A
Ag(1)-B(7) 2 . 6 5 9 ( 1 1)A
A g (1 ) - H ( 7 ) 1 .9 6 A
M o (1 ) - l (1 ) -A g (1 ) 1 2 6 .0 3 ( 3 ) °
M o (1 ) - l (1 ) -A g (1 A ) 1 1 3 .0 4 ( 3 ) °
l(1 ) -A g (1 ) - l (1 A ) 9 7 .1 0 ( 3 ) °
A g ( 1 ) - l ( 1 ) - A g ( 1 A ) 7 1 .2 0 ( 3 ) °
B (7 ) -H (7 ) -A g (1 ) 1 1 6 .3 ( 6 ) °
Table 2.3: Selected bond lengths and 
angles for complex II
propagation of a polymeric structure containing alternating {MoCp(CO)3 } fragments 
in the solid state (Figure 2.10). Each carborane anion is therefore bridging two silver 
atoms via interactions from B(7)-H(7) [B (7)-A g(l) 2.66(1)A; H(7)-Ag(l) 1.97A] and 
B(12)-H(12) [B(12)—A g(l) 3 .0 0 ( 1 )A; H (1 2 )-Ag(l) 1.97A],
Figure 2.10: Extended solid state structure of II
Whilst it is unlikely this polymeric structure persists upon dissolution in CH2 CI2 , 
evidence for the structure o f II in solution comes from the inspection of the NMR 
data. The 'H ^ ’B} NMR spectrum shows a single peak for the Cp resonance at 5 5.75, 
shifted downfield from [MoCp(CO)3 l] (5 5.63) but at a higher field than for I ( 8  5.79, 
12-isomer). This is consistent with the relative shift in CO stretches seen in the IR 
spectrum, that indicate an decrease in electron density on the metal as the reaction 
proceeds from [MoCp(CO)3 l] -* II -» I. Evidence for the interaction of [closo- 
CB 1 1 H 1 2 ]" and silver in solution comes from the UB NMR spectra. The 1 ]B{JH} 
spectrum shows 2 peaks at 8-12.4 and 8-16.0 in the ratio of 1:10 (the latter peak is a 
coincidence of the upper and lower pentagonal belt resonances) indicating Csv 
symmetry of the cage in solution. There are significant shifts in the n B NMR
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spectrum of II compared to [N(Bu)4 ][CBnHi2 ] (CD2 CI2 ), in which no metal-cage 
interactions are present, for both the antipodal (A = 8  -4.4) and lower pentagonal belt 
(A = 5 -1.9) boron resonances. In contrast, only the bonding B(12) resonance is 
shifted significantly in complex I (for 12-isomer: A = 8  -5.7), compared to 
[N(Bu)4 ][CBn H 12]. The upfield shift o f a boron resonance is diagnostic of B-H metal 
interactions (for further discussion see section 4.2.5), indicating that both the 
antipodal and lower pentagonal belt borons are interacting with the silver in II. The 









Figure 2.11: Comparitive ''B f'H} NMR shifts
Assuming that the polymeric m otif is not retained in solution, the [CB1 1 H 1 2 ]" anion 
could be interacting with the silver in a r|2-fashion such as that seen for 
[Rh(COD)(CBi,H12)],[26] or in an r^-fashion like that of [ZrCp(CH3 )2 (CBnHi2 )].[25] 
Attempts to ‘freeze’ the fast fluxional process that is giving the cage Csv symmetry in 
solution by recording an NMR spectrum at -90° still showed rapid exchange, 




temperature no 1 0 7 Ag-1H or 1 0 9 Ag-1H coupling was observed in the NMR spectra, 
although this phenomenon is not uncommon and has never been observed for any 
silver complexes of c/aso-monocarborane anions. The 109Ag NMR spectrum of II 
displays a singlet at 51335, which is shifted well downfield from the normal range 
expected for a Ag(I) centre (ca. 5500). This unusual shift indicates that the novel 
central core of this molecule may still be intact in solution.
In order to demonstrate conclusively that II is indeed an intermediate on the pathway 
to I, the reaction was monitored by !H NMR spectroscopy. The time dependant 
concentration profile of the reaction is displayed in Figure 2.12, showing the 
formation of II in a matter of hours, followed by its decomposition to I over several 
days. An important observation is that the mass balance of the system remains 
approximately constant throughout the reaction, meaning that the transformation of 
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Figure 2.12: Graph of the relative concentration of reaction species versus time
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The halide bridged complex [{FeCp(CO)2 }2l][BF4] has been postulated as one of the 
intermediates in the reaction of [FeCp(CO)2l] and [Ag(BF4)].[91 The analogous 
[{MoCp(CO)3 }2l][CBiiHi2] species would be expected to have a Cp resonance 
similar to that of [{MoCp(CO)3}2l][BF4] (56.20),[35] shifted significantly downfield 
and distinguishable from I, but is not observed at any point in this reaction. This again 
highlights the relative strength of the B-H-Mo bond compared to B-F-Mo.
An attempt to make the more sterically hindered Cp* analogue of compound I via 
silver salt metathesis was unsuccessful, with the !H NMR spectrum displaying more 
than 5 product species after 9 days of reaction. We suggest that this is due to 
unfavourable steric interactions between the bulky Cp* ligand and the carborane anion 
in the intermediate compound. An alternative preparation of [MoCp*(CO)3(CBnHi2)] 
via protonolysis using [H(CBnHi2)] is discussed in the next chapter.
Having prepared complex I via silver salt metathesis with [ A g ( C B n H i 2 ) ] ,  it was 
hoped to be able to use the same reaction to produce complexes with the even more 




The reaction of [Ag(CBnHnBr)] with [MoCp(CO)3l] in CH2CI2 was monitored by IR 
spectroscopy. After 1 hour no precipitate had appeared in the reaction mixture, but the 
IR of the clear red solution showed the replacement of the CO stretches for 
[MoCp(CO)3l] at 2044 and 1966cm'1 by two new peaks at 2053 and 1972cm'1. The 
new species was isolated by the removal of the solvent in vacuo to yield a red powder, 
which was recrystallised at -30°C from a CH2CI2 solution layered with hexane. The 
red crystals formed were characterised by X-ray crystallography, elemental analysis, 
IR and NMR spectroscopy and identified as [MoCp(CO)3 TAg(CBnHnBr)]2, complex 
III.
The asymmetric unit in the crystal structure of III contains two solvent molecules 
(CH2CI2) and two crystallographically independent dimers, IIIA (Figure 2.13, bond 
lengths and angles Table 2.4) and IIIB (Figure 2.14, bond lengths and angles Table 
5). Both are centrosymmetric dimers, with one half of each dimer symmetry generated 
from the other. Both configurations display a {Ag2l2 } central core appended by two 
{MoCp(CO)3 } fragments, arranged mutually trans to one another. The Mo-I bond 
lengths are very similar in both independent molecules of III [IIIA 2.8792(2)A; IIIB 
2.8735(3)A] but are slightly longer than found in II [2.8599(8)A]. The carborane 
anion interacts in a bidentate fashion with silver via Ag-Br [Ag(l)-Br(l), 2.6457(4)A; 
Ag(2)-Br(2), 2.7148(4)A] and Ag-H interactions [Ag(l)-H(7), 2.43(2)A; Ag(l)-B(7), 
3.159(3)A; Ag(2)-H(27), 2.13(2)A; Ag(2)-B(27) 2.861(3)A]. The Ag(l)-H(7) bond 
length in IIIA is longer than the average Ag-H bond length (2.24A) in the related 




















Table 2.4: Selected bond lengths and 
angles for IIIA
Figure 2.13: Crystal structure of [MoCp(CO)3IAg(CBuHiiBr)]2, IIIA 











Ag(1)-I(1 )-Ag(1 A) 63.541(8)°
B(7)-H(7)-Ag(1) 120(2)°
B(12)-Br(1)-Ag(1) 83.95(9)°
Table 2.5: Selected bond lengths and 
angles for IIIB
situation is reversed for IIIB which has a shorter Ag(2)-H(27) bond length and a 
correspondingly longer Ag(2)-Br(2) distance. One of the most striking differences 
between II and III is the planar {Ag2 l2 } core in III. There are a number of examples 
of compounds containing planar rhomboid cores similar to III, such as [Ag2 l2 (w-
PP ) 2 ] [ 3 7 1  [m-PP = l , 3 -{Ph2 P(CH2 )}2 -C6H4 ], [Ag2 X2 (PPh3 ) 4 ] [3 8 1  (X = Cl, Br), and the 
recently isolated [AgI(R,R-DIOP) ] 2 [ 3 9 1  [R,R-DIOP = C 3 0 2 CH2 {Ph2 P(CH2)}2] (Figure
Despite the fact that two closed shell metal cations would be expected to repel one 
another, the bond lengths in III for Ag(l)-Ag(lA) [2.9887(3)A] and Ag(2)-Ag(2A) 
[2.9815(3)A] are close to that of metallic silver (2.89A) and indicate a metal-metal 
interaction. 1[4° 1 For complexes containing an {Ag2 l2 } type core only [AgI(R,R-DIOP) ] 2  
has a similarly small Ag-Ag bond length [3.0650(6) A], but no discussion of this 
feature is mentioned in the paper. A theoretical study has shown that metallophillic 
bonding does occur in the related compound [Ag2 (PPh2 CH2 SPh)2 ][C1 0 4 ]2 ,[41] which in 
the solid-state has silver-silver bond distances of 2.9501(8)A and 2.9732(9)A that are 




the range observed for other complexes with Ag(I)-Ag(I) interactions (2.80- 
3.30A).113’42-461
The solution NMR spectrum of III in CD2CI2 displays a single resonance in the Cp 
region at 8 5.77, which is close to that found for II (8 5.75). Given this, it is 
unsurprising to note that the CO stretches for II and III are also very similar; 2054 
and 1973cm'1, 2053 and 1972cm"1 respectively. The nB NMR spectrum of III shows 
three peaks at 8 -3.4 (IB), 8 -13.1 (5B) and 8 -16.3 (5B). The nB-!H coupling 
constants for the lower and upper pentagonal belts of [closo-CB 11H11 Br]' in III (139 
and 157Hz respectively) are virtually the same as those seen for [Ag(CBnHnBr)] 
(144 and 159Hz; d6-acetone). This indicates that in solution the lower pentagonal belt 
of the carborane anion is, at best, only weakly interacting with silver in HI.
Attempts to isolate the final metathesis product, [MoCp(CO)3(CBnHnBr)], by 
extended stirring of the reaction mixture, resulted in the very gradual appearance of a 
new species in the IR spectrum at 2070 and 1998cm'1. The reaction seems to be near 
completion after 9 days, however a large ratio of B-H to carbonyl stretches in the IR 
spectrum indicates that the organometallic species has decomposed and the final 
metathesis product could not be isolated cleanly via this synthetic route. The 
decomposition could be due to uncharacterisable impurities in the [Ag(CBnHnBr)] 
starting material, or the instability of the product for extended periods of time in 
solution. An attempt to increase the rate of metathesis, and perhaps decrease the 
amount of decomposition due to solution instability, was made by using 
[MoCp(CO)3Cl] instead of [MoCp(CO)3l] which should provide a greater 
thermodynamic driving force towards the products of reaction. This was unsuccessful,
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resulting in decomposition of the reaction mixture after just one day of stirring. 
Attempts to synthesise the final metathesis product via a different synthetic route will 
be discussed in the next chapter.
2.2.4 [MoCp(CO)3l*Ag(CBn H6Br6)]2
Having isolated silver salt metathesis intermediates using [c/oso-CBnH^]’ and 
[c/oso-CBi 1H1 iBr]‘, attention was drawn to the next anion in this series: [closo- 
CBnH6Br6]'. The reaction of [MoCp(CO)3Cl] with [Ag(CBnH6Br6)] in CH2CI2 
resulted in no observable reaction in the IR spectrum, and after seven days stirring 
only unchanged starting materials were recovered from the reaction mixture (as 
determined by NMR spectroscopy). Moving to the analogous reaction with 
[MoCp(CO)3l], which was more successful with [c/oso-CBnHn]" and [closo- 
CBiiHnBr]*, the starting material was converted to a new species with CO stretching 
frequencies of 2055 and 1975cm'1. These values are very similar to those seen for II 
and III, suggesting a similar silver halide bridged species has been formed in solution. 
Dark-red crystals of this species were grown by the slow evaporation of a CH2CI2 
solution under a flow of argon and shown to be [MoCp(CO)3l-Ag(CBnH6Br6)]2 , 
complex IV.
The X-ray crystal structure of the dimer IV is displayed in Figure 2.16 with one half 
of the dimer symmetry generated centrosymmetrically. Relevant bond lengths and 
angles are shown in Table 2.6. Complex IV bears a planar {Ag2l2 } core appended
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Figure 2.16: Crystal structure of [MoCp(CO)3I Ag(CBnH6Br6)]2, IV 
(Hydrogens omitted for clarity; Ellipsoids drawn at 30% probability level)
M o(1)-l(1) 2 .865(2)A
A g(D -lO ) 2.778(2)A
Ag(1 )-l(1 A) 2.980(2)A
Ag(1 )-Ag( 1 A) 3 .759(3)A
Br(1)-Ag(1) 2 .803(3)A
Br(2)-Ag(1) 2 .7 7 1 (3)A
Br(3)-Ag(1) 3.249(3)A
B(10) Ag(1) 3 .54(2) A
B(10)-Br(2) 1 ,95(2)A
B (1 1 )-A g (1 ) 3.77(2)A
B(11)-Br(3) 1.96(2)A
B (12)—A g(1) 3.57(2)A
B(12)-Br(1) 3.57(2)A
M o(1)-l(1)-l(1A) 118.35(6)°
1(1 )-Ag(1 )-l(1 A) 98.59(7)°




Table 2. 6: Selected bond lengths and 
angles for IV
by two {MoCp(CO)3 } fragments arranged trans to one another, reminiscent to that 
seen for compound III. The [c/<m>-CBnH6Br6]‘ cage is bound to silver in a bidentate 
fashion via Ag(l)-Br(l) [2.803(3)A] and a slightly shorter Ag(l)-Br(2) [2.771(3)A] 
bond. These bond lengths are longer than the similar Ag-Br bonds found in III (2.68A 
average). The Ag-Br bond lengths in IV (2.19k average) are slightly shorter than 
those found in related silver complexes of [c/oso-CBnHeBre]' such as 
[Ag(CB„H6Br6)][471 (Ag-Br average; 2.86A), [Ag(l-CH3-CB„H5Br6)][481 (Ag-Br 
average; 2.86A) and [Ag(CB11H s B ^ ]" 1491 (Ag-Br average; 2.88A). It is pertinent to 
note that all of these compounds are coordination polymers and the [closo- 
CBnH6Br6]‘ anion is r|3-coordinated to silver, as opposed to the r|2-coordination mode 
seen in IV. Further inspection of the coordination environment around Ag(l) reveals 
that there could be a very weak interaction from Br(3) [Ag(l)-Br(3), 3.25(3)A] to give 
the more familiar r\ -coordination mode of [c/oso-CBnHeBre]’. Related Ag-Br bonds 
that are over 3A can be found in [(ri2-C6H6)(r| 1-C6H6)Ag3(N0 3 )(THF)] [ 1 -H-closo- 
CBpBrpk [50] that contains Ag-Br contacts of 3.007(1)A and 3.017(1)A in the solid 
state. The Ag(l)-Br(3) bond length is still significantly longer than this and whilst 
inside the sum of the van der Waals radii for silver and bromine (3.50A)[51] is perhaps 
too long to be classed as an interaction. Rather the anion is merely orientating itself to 
minimise interactions with the metal ligand set. The Ag-I bond lengths [2.778(3) and 
2.980(3)A] in the {Ag2l2 } core are very close to those seen for III (average: 2.78A 
and 2.89A), but the bond angles are very different resulting in a significantly larger 
Ag(l)-Ag(l)’ bond distance in IV [3.759(3)A] compared to III (average: 2.99A). 
This difference is highlighted Figure 2.17, which compares the space filling diagrams 




Complex IIIB Complex IV
Figure 2.17: Space filling diagrams (van der Waal radii) demonstrating the 
difference in the {Ag2l2} core geometeries of III and IV
increase in the silver-silver bond length despite similar Ag-I bond lengths is 
compelling evidence that there is a silver-silver attraction in III. Metallophilic 
interactions between Ag(I) atoms are generally very low in energy [52] and the 
difference in the solid state core geometries between III and IV is likely to be due to 
subtle differences in the crystal packing of these compounds.t53]
Inspection of the Cp region in the !H NMR spectrum of IV reveals two peaks at 
6 5.84 and 6 5.73 in a ratio of 1:8, indicating the presence of two isomers in solution. 
The 109Ag NMR spectrum also shows two peaks, in approximately the same ratio as 
that seen in the !H NMR spectrum, at 5 1335 (relative intensity 8) and 5 1325 (relative 
intensity 1). A high temperature !H NMR study o f IV in dg-toluene showed no change 
in the ratio of these peaks, demonstrating that they do not interconvert appreciably on
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the NMR timescale. The two peaks in solution are tentatively assigned as syn and anti 
isomers of the {MoCp(CO)3 } fragment with respect to the {Ag2 l2 } core (Figure 2.18).
°c ' 2+
1 1
t - e - nc/ A x i < A9> i / i i VO C c C C O 0 0  0 0co — -
anti isomer syn isomer
Figure 2.18: Suggested solution configurations for complex IV, 
[(c/o5o-CBnH12)" cage omitted for clarity]
The Cp rings within these dimeric species are equivalent as the dimer has C2  (anti 
isomer) or C2 V (syn isomer) symmetry, assuming facile rotation about the Mo-I bond 
in both. Molecular modelling calculations performed on compound IV by Dr. Andrew 
Weller show the syn isomer to have an energy o f 442 kcal mol*1, and the anti 440 kcal 
mol'1. These values indicate that the predominant form in solution is likely to be the 
anti isomer, as seen in the solid state, though both are very similar in energy. The 
1 ]B{'HI NMR spectrum shows three peaks in the ratio 1:5:5 indicating the carborane 
has Csv symmetry, unlike that seen in the solid state. This could arise from the 
carborane anions and the dimeric cation forming seperated ion pairs in solution, or 
perhaps, a very facile exchange o f Br-Ag bonds that gives rise to a time averaged Csv 
symmetric cage. The 109Ag NMR shifts are very similar to those found in II, 
suggesting that it is likely that the molecule configuration of the core geometries are 
similar in solution with the carborane still bound to the silver. Consistent with this, the 
1 ’B{!H} NMR spectrum of [N(nBu)4 ][CBiiH6Br6] in CD2 CI2 , for which there are no 
metal cation-anion interactions, shows the boron atoms resonating at 8 -1.8 [IB,
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B(12)], 5 -10.1 [5B, B(7-ll)] and 8 -20.4 [5B, B(2-6)]. These values are shifted 
downfield from the boron resonances in IV [AB(12) = 8 -2.2; AB(7-11) = 8 -2.1], 
consistent with the cage interacting with the silver atoms via the antipodal and lower 
pentagonal belt vertices in solution. Supporting this is the comparatively small 
downfield shift of the peak relating to the upper pentagonal belt borons [AB(2-6) = 
8 -0.8], which are not thought to interact significantly in solution. This relative shift is 
less pronounced than that seen upon complexation of [c/aso-CBnHn]’ to form II, 
presumably a result of the bromine atoms offering a greater degree of electron 
shielding to the boron cage compared with hydrogen atoms.
Continued stirring of a solution of IV in CH2CI2 for 7 days resulted in no 
decomposition or formation of metathesis product. The low nucleophilicity of the 
[closo-CQ\i^B re]' anion has prevented the formation of Agl, effectively halting the 
reaction at the intermediate stage. Addition of 2 equivalents of [Ag(CBnHi2)] to 
compound IV in CH2CI2 results in the immediate change of the IR spectrum to show 
II, followed by gradual decomposition over 7 days to yield I in essentially 
quantitative yield (Figure 2.19). The fact that the relative nucleophilicity of the anion 
controls the outcome of reaction indicates that its involvement in the rate determining 









Figure 2.19: Reaction of compound IV to form I
2.3 Sum m ary
The reaction of [MoCp(CO)3 l] with silver(I) salts of [c/oso-CBnHgYe]’ (Y = H, Br) 
anions has resulted in the isolation and, for the first time, structural characterisation of 
an intermediate of a silver salt metathesis reaction.[54,55] The final metathesis product, 
complex I, is one of only a handful of examples containing [c/oso-CBnH^]’ bound 
directly to a transition metal centre. The unanticipated stability of this complex 
towards H2 O and acetone compared to similar [MoCp(CO)3 X] (X = weakly 
coordinating anion) compounds is very interesting and is likely to arise from the steric 
bulk and inherent inertness of [c/osoC B nH n]' combined with the relatively strong 
Mo-H-B bonds it can form. This section has also shown the limits of using silver salt 
metathesis as a tool for introducing very weakly coordinating anions into a metal’s 
coordination sphere. The [c/oso-CBuHnBr]' and [c/oso-CBuHeBrg]* anions are too 
weakly nucleophilic to induce successful metathesis. When using [c/oso-CBnHnBr]’
81
the final metathesis product decomposes in solution. The complete cessation of the 
reaction at the intermediate stage is observed when using the more weakly 
nucleophilic [c/oso-CBi iH^Bre]' anion. Whilst silver metathesis proceeds smoothly 
for [c/<wo-CBiiHi2]\ it is clear that the synthesis of highly Lewis acidic metal 
complexes containing very weakly coordinating anions will require the use of 
different synthetic strategies, and this is outlined in the next chapter.
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3 Protonolysis and Hydride Abstraction 
Reactions
3.1 Introduction
One of the cleanest methods for the isolation of cationic organometallic Lewis acids 
partnered with weakly coordinating anions is the protonation o f methyl complexes 
(Equation 3.1). This synthetic strategy has been used to generate and isolate a number
LnM-CH3 + H X -------------- ► LnM-X + CH4 (3.1)
X = weakly coordinating anion I
of organometallic compounds including [Re(CO)5 (BF4)],[1] [MCp(C0 )(L)(0 S0 2 R)][2] 
(M = Fe, Ru; L = CO, PMe3 ) and [FeCp(CO)2 (OTeF5)].t3] Protonation of 
molybdenum methyl complexes with the corresponding acids has been used by Beck 
to isolate [MoCp(CO)3 (BF4)] and [MoCp(CO)3 (OS0 2 CF3)].[4] The reaction between 
Brookhart’s acid, [H(OEt2 )2 (BAr’4)] [Ar’ = 3,5-bis(trifluoromethyl)phenyl], and 
[WCp(CO)3 CH3 ] generates the etherate complex [WCp(CO)3 (OEt2 )][BAr’ 4 ] 151 (Figure 
3.1), demonstrating the care that is needed when dealing with extremely weakly 
coordinating anions such as [BAr’4]' to avoid the introduction of competing 
nucleophiles.
As well as methyl complexes, other a-alkyl and cr-allyl species can be used in 
protonolysis reactions. The complex [FeCp(CO)(PPh3 )(CH2 CH 3 )] reacts with 
CFjCOOH to generate [FeCp(CO)(PPh3 )(OCOCF3 ) ] . t6 1  Treatment of
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Figure 3.1: Solid state structure of the cationic portion of [WCp(CO)3(OEt2)][BAr’4] 
(reproduced from reference [5])
[Mn(CO)5 (CH2 CH=CH2)] with H(X) [X = (Cl)', (N 03) \  (H S03)\  (CF3 COO)'] results 
in the formation of a range o f compounds with the general formula [Mn(CO)s(X)] and 
the evolution of propene gas.f7] If the acid of the more weakly coordinating [CIO4 ]' 
anion is used instead, the product formed is [Mn(CO)5 (CH2 =CHCH3 )][C1 0 4 ], in 
which propene now coordinates to the metal. Spencer and co-workers have outlined 
the preparation of compounds containing ligated [c/o5 o-CBnHi2]' via addition of two 
equivalents of [H(OEt2 )x][CBnH12] to [PtR2 (L-L)] (R = Me, CH2 Bul; L-L = bis- 
chelating phosphine),[8] resulting in the liberation of the corresponding alkanes to 
generate [Pt(L-L)(CBnHi2 )][CBnHi2] (Figure 3.2) that possesses a carborane bound 
to the platinum in an r|2 -fashion.
Figure 3.2: [Pt(L-L)(CB,,H12)]+ cation 
(L-L = chelating phosphine)
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A few investigations into the mechanism and kinetics of the reaction between metal
generally proposed to proceed via an intermediate alkyl hydride complex. Evidence 
for this type of intermediate species comes from the treatment of 
[RuCp*(PMe3 )2 (CH3)] with H(BF4) in diethyl ether that results in the precipitation of 
[RuCp*(PMe3 )2 (Me)(H)][BF4] from solution, effectively halting the reaction at the 
intermediate stage.[11] If H (S0 3 CF3) is used instead of H(BF4), the reaction proceeds 
to completion, and methane is eliminated to generate the final protonolysis product 
[RuCp*(PMe3 )2 (0 Et2 )][S0 3 CF3]. The protonolysis of a metal-alkyl complex 
containing both a chiral metal and a chiral alkyl ligand with HBr proceeds with 
retention of stereochemistry at both the carbon and metal centre to yield an organic 
compound with a chiral methyl group (Equation 3.2)J1 21 This retention of 
stereochemistry also implies a metal hydride intermediate is formed in the reaction.
The elimination of hydrogen by reaction of metal hydride species with strong acids
be the formation of a non-classical dihydrogen complex, supported by the isolation 
and characterisation o f [Fe(dppe)2 (r|2 -H2 )(H)][HC(S0 2 CF3 )2 ] t1 5 1  and 
[RuCp(CO)(PR3 )(r|2 -H2 )][BF4]tl6] [PR3 = PPh3, PMe3, PMe2 Ph, P(cyclohexyl)3] from
alkyl complexes and strong acids have been published,19, 10] and the reaction is
T = tritium
has also been studied.[13,14] Depending on the metal the first step of this reaction can
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the reaction of the corresponding metal hydride with H2C(SC>2CF3)2 or H (BF4) 
respectively.
The treatment of [LnMH] with trityl (or more formally triphenylcarbenium) salts of 
weakly coordinating anions is the most commonly used technique to abstract a 
hydride from a transition metal complex and generate a cationic organometallic Lewis 
acid (Equation 3.3).
LnM-H + [Ph3C][X] ► LnM-X + Ph3CH (3.3)
X = w eakly coordinating an ion l
Depending on the nature o f the organometallic complex and the coordinating ability 
of the anion it is possible to isolate product species either with no anion coordination 
that consequently contain electron deficient metal centres, or with the metal 
electronically sated by coordination of a sufficiently nucleophilic solvent instead. For 
example, reaction o f [Ru(PPh3 )4 H2 ] with [Ph3 C][BF4] in CH2 CI2  yields Ph3CH and 
[Ru(PPh3 )4 H][BF4],[17, 18] a coordinatively unsaturated 16-electron metal complex 
with no coordination of the anion or solvent to ruthenium. In contrast, treatment of 
[WCp(NO)2 H] with [CPh3 ][BF4] in the more coordinating solvent acetonitrile yields 
[WCp(NO)2 (NCCH3 )][BF4],[19J a cationic complex containing bound acetonitrile.
Particularly pertinent to the work reported in this thesis is the pioneering chemistry 
explored by Beck and co-workers in the synthesis o f {MoCp(CO)3}+ fragments 
partnered with weakly coordinating anions.[13] For example, the reaction of 
[MoCp(CO)3 H] and [CPh3 ][BF4] in CH2 C12 yields Ph3CH and [MoCp(CO)3 (FBF3)], a
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complex containing coordinated [B F jJ 201 Analogous molybdenum and tungsten 
compounds of coordinated [PFg]", [AsFe]", and [SbFe]' have also been generated in a 
similar manner. 1211 In the complexes [MCp(CO)2L(FBF3)] [M = Mo, W; L = CO, 
PPI13, P(OPh)3], the coordinated and terminal fluorine atoms of the [BF4]' ligand can 
be distinguished in low temperature (-80°C) 19F NMR spectra. 1221 These complexes 
are extremely reactive towards weak nucleophiles such as H2O, and have to be 
prepared and handled at low temperatures in rigorously dried solvents under strictly 
anaerobic conditions to prevent decomposition.
The extremely weakly coordinating properties of [BAr^]' have been utilised in the 
synthesis of a number of complexes containing the weak solvent ligand CH2CI2, using 
Brookhart’s acid [H(OEt2)2(BAr’4)] or [Ph3C][BAr*4]' to introduce the anion. 123' 251 
Due to the lability of the CH2CI2 ligand, these complexes are useful precursors for 
further reaction with appropriate a-donors. For example, the dichloromethane ligand 
in ^rflnj-[PtH(P1Pr3)2(ClCH2Cl)][BAr,4] reacts with H2 or Phi to generate trans- 
[PtH(PiPr3)2(n 2-H2)] [B Ar’4] and rra^-tPtH(PiPr3)2(ri1 -IPh)] [B Ar’4] respectively. 
Relevant to the systems under discussion later in this chapter is the competition 
between dichloromethane and [PFe]' for metal coordination that is proposed to occur 
for [MoCp(CO)3(FPF5)] dissolved in CD2Cl2 -t221 This is evidenced by inspection of 
the 19F NMR spectra at different temperatures. At -20°C the 19F NMR spectrum 
displays a single doublet, consistent with the presence of uncoordinated [PFe]' [J(PF) 
= 714Hz]. As the solution is allowed to warm to 15°C, three new resonances appear 
that correspond to coordinated [PFg]’. It is proposed that the anion is in a equilibrium 








The synthesis and reactivity of a variety of complexes with the general formula 
[MCp(CO)2 L(FBF3)] (M = Mo, W; L = CO, PPh3), and their subsequent reactions to 
isolate metal species with coordinated alkene, alkyne and acetone ligands is outlined 
by Beck and co-authors in Inorganic Synthesis.[26]
More recently, Bullock has used the trityl salt o f [BF4]' to measure the rates of 
hydride transfer from a series of neutral transition metal hydride species [MH] (M = 
d6  or d7 transition metal complex).127, 28] Systematic changes of the metal hydride 
species can be made in order to examine the electronic effect o f both metal and ligand 
on the rate of reaction. The series of substituted cyclopentadienyl tungsten hydride 
complexes of general formula [WCp'(CO)3 H] (Cp' = indenyl, Cp*, CsFLjMe, Cp, 
C5 H4 C0 2 Me) have significantly different rates of reaction with [Ph3 C][BF4], with 
their kinetic hydricity spanning 3 orders o f magnitude. The rate constants decrease as 
the electron density at the Cp' ligand decreases, in the order [W(indenyl)(CO)3 H] « 
[WCp*(CO)3 H] > [W(C5 H4 Me)(CO)3 H] > [WCp(CO)3 H] >
[W(C5 H4 C0 2 Me)(C0 )3 H]. The values of the rate constants for reaction of the first, 
second and third row transition metal hydride complexes [MCp*(CO)3 H] (M = Cr, 
Mo, W) with [CPh3 ][BF4] were shown to be Mo > W »  Cr. This work has been 
expanded very recently to encompass [MCp*(CO)2 H] (M = Fe, Ru, Os), metal hydride 
complexes of Group 8  metals.[29] The trend of reactivity down the group is reversed
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compared to Group 6  and 7 hydrides, with [FeCp*(CO)2 H] reacting faster than 
[OsCp*(CO)2 H]. Interestingly, each of the reactions of the three metal hydrides used 
with [Ph3 C][BF4 ] yielded different products (Equations 3.5, 3.6 and 3.7).
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The hydride transfer from [MoCp(CO)2 (PPh3 )H] to [CPh3 ][BAr'4] produces a 
complex with an intramolecularly coordinated rj3 -PPh3 ligand, in which a C=C bond 
of the aryl ring is coordinated to molybdenum (Figure 3.3) highlighting the very 
weakly coordinating nature of [BAr’ 4 ] \ t3 0 1
Given the volume of literature on the use of both hydride abstraction and protonolysis 
reactions as synthetic tools for the introduction o f weakly coordinating anions into a 
metal’s coordination sphere, it was hoped to be able to transfer these techniques for 
use with [c/aso-CBi,H,2 ]‘ and its derivatives. As outlined in the previous chapter,
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Figure 3.3: Crystal structure of the cationic component in [MoCp(CO)2(r|3-PPh3)][BAr'4]
(reproduced from reference f30])
Hydrogens omitted for clarity, ellipsoids drawn at 30% probability.
silver salt metathesis has its limitations as a viable technique for the introduction of 
very weakly nucleophilic anions in cationic (MoCp(CO)3 }+ organometallic 
fragments. For example, neither [c/oso-CBnHnBr]* or [c/aso-CBnH 6 Br6 ]' analogues 
of compound I can be isolated via silver salt metathesis because of product 
decomposition, or cessation of the reaction at the intermediate stage. The isolation of 
[MoCp(CO)3 (CBnHnBr)] and [MoCp(CO)3 (CBnH 6 Br6)] in addition to compound I 
would allow direct comparison o f the reactivity of these carborane complexes, and 
facilitate the ranking of [c/oso-CBnHu]’, [c/oso-CBuHnBr]’, and [c/aso-CBiiH 6 Br6]' 
in terms of their relative nucleophilicities against other weakly coordinating anions. 
Another potentially interesting study would be the effect of using the more electron 
rich, but sterically demanding, Cp* ligand. Given the large steric bulk of the anionic 
carborane ligands under study, Cp* could reduce their ability to bind to a metal 
through unfavourable ligand / anion interactions.
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This chapter will detail protonolysis and hydride abstraction reactions on 
[MoCp(CO)3X] (X = H, Me) synthons to isolate novel transition metal complexes 
containing ligated [c/oso-CBnHnBr]' and [c/oso-CBiiH6Br6] \  This will allow 
comparison of the properties of the resulting compounds with analogous complexes 
containing other weakly coordinating anions such as [B A tf]‘; and for the first time a 
chemical reactivity order for ranking these anions elucidated.
3.2 Results and Discussion
3.2.1 [MoCp*(CO)3(x-p-H-CBn Hii)] (x = 7,12)
Given the inability to isolate the Cp* analogue of compound I via silver salt 
metathesis, as discussed in the previous chapter, other synthetic strategies needed to 
be investigated. One option for isolation of this analogue would be hydride 
abstraction, but the trityl salt of [c/oso-CBnHn]' is not accessible due to cage 
degradation upon synthesis.[31] The carborane acid, [H(OEt2)x][CBnHi2], has been 
synthesised previously as a volatile oil,[32] and can be isolated as a solid by 
crystallisation from a saturated diethyl ether solution at -80°C. Treatment of 
[MoCp(CO)3Me] in CH2CI2 with one equivalent of [H(OEt2)x][CBnHi2] at -78°C 
resulted in a colour change of the solution from yellow to orange-red as it was 
allowed to warm to room temperature. The IR spectrum showed approximately 30% 
conversion, so a second portion of [H(OEt2)x][CBnHi2] was added. An IR spectrum 
taken 5 minutes later displayed the presence of just one compound in solution with a 
broad peak assigned to a bridging Mo-H-B bond observed at 2229cm'1 and CO
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stretches at 2057 and 1986cm'1, shifted to higher wavenumber than for 
[MoCp*(CO)3Me] (2005 and 1914cm*1). The solvent was removed and the resulting 
red solid dried in vacuo. The !H NMR spectrum of the crude solid showed 
quantitative conversion to product, but surprisingly there was no presence of any 
excess [H(OEt2)x][CBnHi2]. An nB NMR spectrum of the contents of the Schlenk 
line cold-trap showed the presence of the [c/oso-CBuHn]" anion, indicating that 
[H(OEt2)x][CBnHi2] is relatively volatile (10"3 Torr, room temperature). This also 
explains the need for an additional portion of [H(OEt2)x][CBnHi2] to be added for the 
reaction to reach completion, as some would have been removed in vacuo when 
setting up the reaction using standard Schlenk line techniques. Crystals of the product 
were grown from a Cf^Cb/hexane layer at -30°C, and characterised as 
[MoCp*(CO)3(x-p-H-CB i iHi i)] (x = 7, 12), complex V, by X-ray crystallography, IR 
and NMR spectroscopy.
The solid state structure of the zwitterionic compound V is shown in Figure 3.4, with 
relevant bond lengths and angles in Table 3.1. The carbon atom of the cage was 
located by comparison of bond lengths and thermal parameters, and the bridging 
hydrogen H(12) was located in the electron density difference map and freely refined. 
All bond lengths and angles uniquely associated with the carborane cage are 
unremarkable. The anion is bound to molybdenum via the antipodal B-H vertex, 
forming a Mo-H-B 3 centre - 2 electron bond. The piano stool configuration adopted 
by molybdenum echoes the coordination environment seen for molybdenum in 
complex I. However, the steric effect of the bulky Cp* ligand is to force the cage 
‘down’ the molecule, away from the bulky methyl groups in comparison to complex I 





























Table 3.1: Selected bond lengths 
and angles for complex V
Figure 3.4: Crystal structure of [MoCp*(CO)3(CB|iH12)], V 
(ellipsoids drawn at 30% probability level)
by a reduction of the C(3)-Mo(l)-B(12) bond angle in V [122.4(1)°] compared with 
that in I [139.8(1)°]. Within experimental error, the Mo(l)-H(12) and B(12)-H(12) 
bond lengths in V are the same as in I. The decrease in the CO stretching frequencies 
compared to complex I (average CO stretching frequencies: I, 2036cm'1; V, 2022 
cm'1) indicates a more electron rich metal, due to greater electron donation from Cp*. 
Given this, and the increase in steric bulk of the environment around the metal it is 
surprising to note that the Mo(l)--B(1 2 ) bond in V [2.969(3)A] is actually shorter 
than in I [3.000(3)A], although this may just be due to the geometry forced upon the 
cage by the Cp* ligand. Nevertheless, the spectroscopic data and reactivity of V, 
discussed next, indicates that [c/aso-CBnHn]' is in fact bound more weakly in V 
compared to I. This is perhaps a consequence of the orientation of the cage, which is 
imposed by the Cp* ligand, preventing the efficient overlap of the B-H sigma bonding 
pair with the vacant metal orbital.
The ]H NMR spectrum of a crystalline sample of V displays the bridging hydrogen as 
a partially collapsed quartet shifted significantly upfield from free carborane at 5 
13.50, but at a slightly lower field and with a larger coupling constant [/(BH) = 98Hz] 
than found for the corresponding resonance in I [ 8  -15.11, J(BH) = 87Hz]. This 
indicates a slightly stronger B-H bond, and therefore, by inference, a weaker Mo-H 
bond in complex V compared to complex I. Mirroring the situation found for complex 
I, there are two Cp* resonances observed at 8  2.08 and 8  2.04, in a ratio of 1:3 
respectively, indicating the presence of two isomeric forms in solution. The 
coalescence temperature for these two Cp* resonances in dg-toluene is only 40°C, 
compared to 100°C in complex I, again indicating a weaker B-H-Mo bond in V. The 
11B{1H} NMR spectrum also displays small peaks at 8  -8.5 and 8  -22.1 in addition to
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the peaks of the major isomer at 8  -13.9 (IB), 8  -15.2 (5B) and 8  -17.2 (5B). The Csv 
symmetry of the carborane in the major isomer and large upheld shift of B(12) 
resonance compared to ‘free* [c/aso-CBnHu]’ ( 8  -8 .0 ) once again leads to its 
assignment as the 12-isomer [MoCp*(CO)3(1 2 -p-H-CBnHn)], assuming facile 
rotation of the cage around the Mo-H-B bond, while assignment of the minor isomer 
follows as [MoCp*(CO)3(7-p-H-CBnHn)].
Addition of acetone to a solution of V in CD2CI2 shows no significant displacement of 
the carborane anion, as determined by NMR spectroscopy. If water, a stronger 
nucleophile, is used instead, rapid dissociation of the carborane occurs (<15 minutes) 
further highlighting the weaker carborane-metal interaction in V compared to 
complex I (which is stable to attack from H2O), and showing that steric effects are 
important when addressing the chemistry of these bulky anions.
3.2.2 [MoCp(CO)3(12-p-Br-CBnHii)]
As outlined in the previous chapter, the final metathesis product from the reaction of 
[MoCp(CO)3l] and [Ag(CBnHnBr)] could not be isolated due to product 
decomposition so another synthetic route had to be found. To use the acid of [closo- 
CBnHnBr]' for methyl abstraction, similar to the synthetic route employed for V, was 
not considered practical as the acids are volatile oils at room temperature making 
them difficult to handle. They also contain diethyl ether solvate that could be a 
competing nucleophile with [c/oso-CBnHnBr]’ for metal coordination as seen in the 
reaction between [H(OEt2)2(BAr’4)] [Ar* = 3,5-bis(trifluoromethyl)phenyl] and
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[WCp(CO)3CH3].[5] The preparation of the trityl salt of [c/aso-CBnHnBr]' has not 
been previously reported. However, in the style of preparation used for 
[CPh3][CBnH6Br6][31] the reaction of [CPh3Br] and [Ag(CBnHnBr] in 
toluene/CHsCN yields [CPhsJfCBuHnBr], compound VI, in good yield (Equation 
3.8). This is in contrast to [c/oso-CBnHn]’, for which the trityl salt cannot be isolated
CPhsBr + AgfCBnHnBr) [CPhsKCB^H^Br] + AgBr(s) (3.8)
(VI)
due to hydride abstraction from the B(12) vertex of the anion (section 1.3.2)J31] Three 
peaks are observed in the 11B{1H} NMR spectrum of VI at 8 -3.0 (IB), 5 -15.7 (5B) 
and 5 -17.3 (5B). The Csv symmetry observed and presence of a singlet in the UB 
NMR spectrum at 8 -3.0 (IB) demonstrates that halogenation is exclusive to B(12). In 
the ^ { "B }  spectrum, the cage C-H resonance is observed at 8 2.26 (s, 1H) and the 
upper and lower pentagonal belt B-H resonances at 8 1.90 (s, 5H) and 8 1.64 (s, 5H). 
The absence of an antipodal B-H resonance is in keeping with observation of a singlet 
in the nB NMR spectrum for B(12). The reaction of compound VI with 
[MoCp(CO)3H] to generate [MoCp(CO)3(CBnHnBr)] is discussed next.
[MoCp(CO)3H] was dissolved in CH2CI2 and added dropwise to one equivalent of 
compound VI. After one hour stirring the IR spectrum showed the complete 
conversion of starting material to a new species, showing CO stretches at 2071 and 
1999cm'1, similar wavenumbers to complex I (2071 and 2001cm'1). The solvent was 
removed in vacuo to yield a red powder, from which red crystals were grown in 
reasonable yield by redissolving in a minimum volume of CH2CI2 and layering with
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hexane at -30°C. The red crystals were characterised by elemental analysis, X-ray 
crystallography, IR and NMR spectroscopy and shown to be 
[MoCp(CO)3 (CBiiHnBr)], complex VII.
The solid state structure of complex VII is displayed in Figure 3.5 with relevant bond 
lengths and angles in Table 3.2. Again, the molybdenum centre adopts a piano stool 
geometry as seen in complexes I and V. The [c/oso-CBuHnBr]' anion is bound to the 
cage via a single dative bond from the bromine atom [M o(l)-Br(l) 2.6759(2)A], the 
length of which is in good agreement with Mo-Br distances of comparable complexes 
such as [MoCp(CO)3 Br] [3 3 1  [Mo-Br 2.651(1)A], [MoCp(CO)2 (PPh3 )Br] [3 4 1  [Mo-Br 
2.671(3)A] and [{Cr(CO)3 (C6 H5 -C5 H4 )}Mo(CO)3 Br] [3 5 1  [Mo-Br 2.640(1)A], The 
assignment of the Br-Mo bond as dative rather than electrostatic in nature comes from 
inspection of the carborane geometry around the metal centre. The B(12)-Br(l)-Mo(l) 
angle is 116.43(5)° for complex VII. If the bromine-metal interaction was more 
electrostatic in action, i.e. M8+ - Br8', the angle between the C(l)-B(12) axis and C(3)- 
M o(l)-Br(l) plane would be closer to 180° in order to minimise any steric repulsion 
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B ( 1 2 ) - M o ( 1 ) 4 . 0 1 3 ( 2 )  A
B (1 2 ) -B r (1 ) 2 . 0 2 8 ( 2 )  A
B r (1 ) -M o (1 ) 2 . 6 7 5 9 ( 2 )  A
B ( 1 2 ) -B r (1 ) -M o (1 ) 1 1 6 .4 3 ( 5 ) °
C (1 ) -B (1 2 ) -B r (1 ) 1 7 4 .2 3 ( 9 ) °
C (3 ) -M o (1 ) -B r (1 ) 1 3 4 .9 6 ( 5 ) °
Table 3.2: Selected bond lengths 
and angles for complex VII
Figure 3.5: Crystal structure of [MoCp(CO)3(CBuHnBr)], VII 
(ellipsoids drawn at 30% probability level)
In support of this, E-Br-Y (E = C, B; Y = atom with suitable vacant orbital) angles are 
very similar for compounds containing such bonds from monodentate bromide 
ligands. The few examples isolated include VII [B-Br-Mo = 116.43(5)], 
[Fe(TPP)(CBn H6 Br6)][36) [B-Br-Fe = 117.4(5)], [PtH('Pr3 P)2 (PhBr)] [B{3,5-
(CF3 )2 C6 H3 }4 ][37) [C-Br-Pt = 116.4(7)] and [Si('Pr)3 (CBu H,,Br6 ] [3 8 1  [B-Br-Si = 
114.7(7)].
Comparison of bond lengths and angles of all the structurally characterised 
compounds containing [c/aso-CBnHnBr]' are displayed in Table 3.3. It shows a 
small, but significant, lengthening of the B-Br distance and a greater amount of 
deviation of the bromine atom from the C-Bantipodai axis for complex VII (the only 
example of [c/oso-CBnHnBr]" bound to an organometallic metal centre) compared to 
the other compounds listed in which more electrostatic interactions are likely to occur.
Compound Reference B-Br Distance C-B.nitpodarBrAngle (0)
[Cs(CBn H n Br] [39] 1.995(3)A 178.58°
[AgtCBnHnBr] [39] 1.998(9)A 177.10°
IIIA This work 2.005(3)A 178.7(2)°
IIIB This work 2.008(3)A 177.4(2)°
VII This work 2.028(2)A 174.23(9)°
Table 3.3: Selected bond lengths and angles for all structurally characterised compounds containing 
[c/0S0-CBnHnBr]‘ (some standard deviations unavailable)
The trends seen in the dative bonding o f [c/oso-CBuHnBr]' to a metal are similar to 
those observed in the agostic bonding o f [c/oso-CBnH^]’, and whilst both are 
different types o f interactions similar reasoning can account for these trends. The 
lengthening of the B-Br bond for VII compared to the caesium and silver salts of 
[c/oso-CBiiHnBr]' is a consequence of the reduction in electron density on the
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bromine atom as one of its lone pairs is donated to a suitable vacant metal orbital. In 
comparison the lengthening of the B -H  distance in agostic interactions of [closo- 
CB11H12]’ is a result of the a  bonding electrons of boron and hydrogen being shared 
with a suitable vacant metal orbital. The distortion of the C -B antipodai-Br angle from the 
ideal of 180° is to allow more efficient overlap of the lone pair orbital on bromine and 
the vacant metal orbital, whilst minimising carborane-ligand steric interactions.
The Cp region of the ^ { "B }  NMR spectrum of VII displays a major peak at 8 5.92, 
assigned to [MoCp(CO)3(12-p-Br-CBnHn)], shifted downfield (0.13 ppm) from the 
corresponding resonance found for the [MoCp(CO)3(12-p-H-CBnHn)] isomer of I. 
This is perhaps a consequence of the more weakly coordinating nature of [closo- 
CBiiHnBr]' versus [c/osoCBnH^]' being reflected in a more positive charge on the 
metal centre in VII. Closer inspection of the Cp region reveals a second peak at 8 
5.96, with approximately 5% of the intensity of the main resonance, which is assigned 
as [MoCp(CO)3(7-p-H-CBi iHioBr)], the isomeric form of VII. The corresponding B- 
H-Mo resonance of this isomer can just be observed in the NMR spectrum as a 
partially collapsed quartet at 8 -15.08 [J(BH) ca. 89Hz], but it is an extremely weak 
signal due to its multiplicity and the low concentration of this isomeric form in 
solution. The downfield shift of the Cp resonances in [MoCp(CO)3(7-p-H- 
CBnHioBr)] (8 5.96) compared to the analogous isomeric form of compound I, 
[MoCp(CO)3(7-p-H-CBnHn)] (8 5.86), suggests a slight reduction in the basicity of 
the lower pentagonal belt hydrogens in [c/oso-CBnHnBr]' a consequence of the 
electron withdrawing effect that halogenation of the cage periphery has on the 
carborane core.[40J The nB NMR spectrum displays a singlet and two doublets at 8 -
1.6 (IB), 8 -13.9 (5B) and 8 -16.9 (5B) respectively, indicating that in solution the
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cage has Csv symmetry due to facile rotation of the cage around the Mo-Br bond. The 
peaks corresponding to the 7-isomer are not observed in the 11B{1H} NMR spectrum, 
although this is perhaps not surprising given its very low concentration and the 
predicted number of low intensity signals (in the ratio 1B:1B:1B:2B:2B:2B:2B) that 
are likely to be lost in spectral noise in the presence of the large broad peaks 
corresponding to the major isomer.
The reaction of complex VII with diethyl ether or H2O does not result in the 
displacement of the [c/oso-CBnHnBr]' anion, as evidenced from the examination of 
]H NMR spectra taken 1 day after addition of the relevant nucleophile. Chemical 
inertness to water and diethyl ether is also seen for complex I, which suggests [closo- 
CBnHn]' and [closo-CQ 11H11 Br]' complexes have similar reactivities and therefore 
the anions have similar coordinating abilities. However, the use of the chemical 
reactivity of complexes I and VII to rank the coordinating ability of [C/0 5 0 -CB11H12]’ 
and [c/oso-CBiiHnBr]' is a rough qualitative measure. In contrast, the Cp chemical 
shift of these compounds in the NMR spectrum provides a more quantitative 
measure, from which the relative coordinating abilities of these compounds can be 
distinguished, and [c/oso-CBnHnBr]' ranked more weakly coordinating than [closo-
c b „ h 12]-.
The synthesis of compounds I and VII allows direct comparison of the relative 
coordinating abilities of [closo-CB11H12]* and [c/oso-CBuHnBr]'. The synthesis of 
the equivalent metal complex containing [c/oso-CBnHeBre]’, thought to be the most 
weakly coordinating of these anions, will allow for the first time a direct comparison 




Given the success of hydride abstraction using the trityl salt of monobromocarborane 
in the isolation compound VII, attention was focused on the reaction between 
[MoCp(CO)3H] and [CPh3][CBnH6Br6] to generate the [c/osoCBnHeBre]' analogue 
of complexes I and VII. This reaction is akin to those developed by Beck and co- 
workers to generate [MoCp(CO)3(X)] (X = weakly coordinating anion).1131
In a typical reaction [MoCp(CO)3H] was dissolved in CH2CI2 and transferred 
dropwise into a flask containing [CPh3][CBnH6Br6] at -78°C, and the solution 
allowed to warm slowly to room temperature. The NMR spectrum of the resulting 
solution displayed a number of Cp resonances corresponding to reaction products 
which include [MoCp(CO)3(CBiiH6Br6)] and [MoCp(CO)3(ClCD2Cl)][CBi1H6Br6]J 
assignment of which will be discussed next.
Due to the sensitivity of the products formed to trace amounts of nucleophiles (see 
later discussion), in situ measurements were made in order to cleanly isolate the 
reaction products. A Young’s NMR tube was charged with [CPh3][CBnH6Br6] and a 
slight excess of [MoCp(CO)3H] before adding CD2CI2 at -78°C. The Youngs NMR 
tube was then placed in a pre-cooled NMR probe and the reaction monitored by !H 
NMR spectroscopy as the solution is warmed slowly to room temperature (Figure
3.7). Even at these low temperatures the reaction is quick, with no phenyl resonances 
corresponding to the [Ph3C][CBnH6Br6] starting material observed at -65°C. The Cp 
region of the spectrum at 16°C displays peaks at 8 5.47 and 8 5.56 corresponding to
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[MoCp(CO)3(ClCD2Cl)] [CB„H«Br6]
MoCp(CO),(CB,, H6Br6) t 1 MoCp(CO)3} 2 { p-H} ] [CB „ H6Br6]
/  Ph3CH
I Impurity S  ♦
16°C
-25°C
5.306.20 6.10 6.00 5.60 5.50 5.405.90 5.80 5.70
ppm
Figure 3.7: Cp region of the lH NMR spectra in the variable temperature experiments for reaction of 
[MoCp(CO)3H] with [CPh3][CBnH6Br6] (see text for discussion of suggested peak assignments)
unreacted [MoCp(CO)3 H] and PI1 3 CH respectively, and two major product Cp 
resonances at 8  6.07, 8  6.02 in the ratio 4.8 : 3 respectively. The very broad nature of 
the peak at 8  6 . 0 2  indicates that it is perhaps a combination two isomeric species in 
fast exchange with one another, and appears to arise from the coalescence at 0°C of 
the two peaks present at 8  6.02 and 8  5.99 (relative integrals 1 : 5 respectively) in the 
spectrum measured at -65°C. As such, it is assigned to the isomeric compounds 
[MoCp(CO)3 (7 -p-Br-CBn H6 Br5 )] and [MoCp(CO)3 ( 1 2 -p-Br-CBiiH 6 Br5 )] (Figure
3.8). The presence of two isomeric forms of [MoCp(CO)3 (CBnH 6 Br6 )] would also be 
in parity with that seen for complexes I and VII. Moreover, the higher coalescence 
temperature of the Cp resonances for the isomeric forms of complex I (100°C)
105
MoCp(CO)3(7-|i-Br-CB1 H6Br5) MoCp(CO)3(12-p-Br-CB-,H6Br5)
Figure 3.8: Isomeric forms of [MoCp(CO)3(CBuH6Br6)]
compared to [MoCp(CO)3 (CBnH6Br6)] (0°C) reflects significantly stronger 
coordination of [c/os0 -CBnHi2]‘ to molybdenum compared with [c/oso-CBnHeB^]’, 
expected from previous rankings of the relative coordinating abilities of the anions.
The peak at 8 6.07 in the spectrum at 16°C (Figure 3.7) is tentatively assigned to 
[MoCp(CO)3 (ClCD2Cl)][CBiiH6 Br6]. This value is in good agreement with the 
chemical shift seen for the Cp resonance in [MoCp(CO)3 (ClCD2Cl)][PF6], 8 6.06.[22] 
This species was shown to be in an equilibrium with [MoCp(CO)3 (PF6 )] (Equation 
3.4), which at higher temperatures favoured this anion coordinated species over 
[MoCp(CO)3 (ClCD2Cl)][PF6 ]. A similar situation is observed in our system, with the 
ratio of the Cp resonances corresponding to [MoCp(CO)3 (CBnH 6 Br6 )] and 
[MoCp(CO)3 (ClCD2Cl)][CBnH 6 Br6] increasing from 0.5 : 1 at -65°C to 1.1 : 1 at 
room temperature.
Another product Cp resonance in the !H NMR spectrum at 16°C, 8 5.82, is assigned 
as the reaction side product [{MoCp(CO)3 }2(p-H)][CBnH6Br6] with the 
corresponding bridging hydride resonance observed at 8 -21.09, that has a tenth of the 
intensity of the Cp resonance, as expected. The similar compound [{MoCp(CO)3 }2(p-
H)][PF6] [’H NMR (CD3NO 2 ): 5 5.93 (C5 H 5 ); 8  -20.80 (M 0 HM 0 )] has been isolated 
from the reaction between 2 equivalents of [MoCp(CO)3 H] and one equivalent of 
[Ph3 C][PF6 ].[20, 4 1 ] Its formation in this system arises from reaction of 
[MoCp(CO)3 (CBnH 6 Br6)] (or the dichloromethane complex) with [MoCp(CO)3 H]. 
This reaction is in competition with [CPh3 ][CBnH 6 Br6 ] for reaction with 
[MoCp(CO)3 H], highlighted by inspection of a spectrum taken at room temperature, 
one hour after the one at 16°C. This is displayed in Figure 3.9 along with assignment 
o f the peaks present. It shows the absence o f any excess [MoCp(CO)3 H] and an 
increase in relative concentration of [{MoCp(CO)3 }2 (p 2 -H)][CBnH 6 Br6 ] to the 
expense of the combined concentrations o f [MoCp(CO)3 (ClCD2 Cl)][CBnH 6 Br6] and 
[MoCp(CO)3 (CBnH 6 Br6 )] species (relative integrals 0 . 2  : 1 respectively), compared 
with the spectrum taken 1 hour earlier at 16°C (relative integrals 0.1 : 1).
Mo
Mo-—
i '  Br
6.20 6.00 5.80 5.60 5.40
Figure 3.9: Cp region in the ‘H NMR spectrum of the final products at room temperature
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Evidence for coordinated and uncoordinated forms of [c/asoCBnH 6 Br6]' also comes 
from inspection of the C-Hcage region of the !H NMR spectra. At -50°C, three broad 
C-Hcage resonances are observed (Figure 3.10), which are tentatively assigned as 
belonging to the two isomeric forms of [MoCp(CO)3 (CBnH 6 Br6)] ( 8  2.88, 8  2.80) and 
uncoordinated or ‘free’ [c/<wo-CBnH6 Br6 ]" ( 8  2.75). These assignments come, in part, 
from inspection of the 'H NMR spectrum at the coalescence temperature (0°C) of the 
two isomeric species that displays just two C-Hcage resonances at 8  2.82 
[MoCp(CO)3 (CBnH 6 Br6 )] and 8  2.76 [‘free’ (c/aso-CBuE^Bre)’]. Addition of a 
portion of D2 O to the mixture o f products results in the exclusive formation of 
[MoCp(CO)3 (OD2 )][CBnH 6 Br6 ] (see later discussion), and only one C-Hcage 















Figure 3.10: C-Hcage region of the *H NMR spectrum at -50°C
The 1 1 B{1H} NMR spectrum of the reaction products displays three peaks at 8  -2.0 
(IB), 8  -10.2 (5B) and 8  -20.5 (5B). This indicates Csv symmetry of the cage, and 
offers no clues to the anion’s behaviour in solution. Kubas and co-workers have used 
low temperature (-80°C) 13C NMR spectroscopy to characterise the coordinated 
dichloromethane in [czs-Re(CO)4 (P'Pr3 )(ClCH2 Cl)][BArF], which displays a weak
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resonance shifted approximately 14 ppm downfield from dichloromethane solvent. 
Attempts to characterise [MoCp(CO)3(ClCD2Cl2)][CBnH6Br6] in a similar manner 
were thwarted because of the low solubility of these species in dichloromethane and 
because, in error, the spectrum was measured in CD2CI2 as opposed to CH2CI2, where 
peak broadening due to deuterium coupling would preclude observation of this 
already weak signal.
A solution IR spectrum of the products of reaction between [CPh3][CBnH6Br6] and 
[MoCp(CO)3H] in CD2CI2 (made up in a glovebox) displayed only two v(CO) 
stretches at 2073 and 1990cm'1 (average 2032cm'1). Given the fast timescale 
associated with IR spectroscopy, the absence of separate stretching frequencies for 
[MoCp(CO)3(ClCD2Cl)][CBiiH6Br6] and [MoCp(CO)3(CBnH6Br6)] suggests that 
both species have similar CO stretching frequencies. These values are similar to the 
carbonyl stretching frequencies found for VII (2069 and 1982 cm'1) and I (2071 and 
2001 cm'1) suggesting that, for this system, carbonyl stretching frequencies cannot be 
used to distinguish between the coordinating abilities of these carborane anions as the 
reactivity of the three compounds is very different, as outlined next.
For some reactions performed in CH2CI2 , the !H NMR spectrum displayed peaks 
correlating to coordinated diethyl ether (presumably from still-pot contamination) at 5 
3.84 (q, /hh = 6.8Hz) and 8 1.34 (t, Jhh = 6.8Hz). The related diethyl ether complex 
[WCp*(CO)3(OEt2)][BAr’4] also displays downfield shifts for the coordinated diethyl 
ether ligand (8 3.97 and 8 1.19).t51 Addition of a large excess of diethyl ether to the 
product mixture does not result in the exclusive formation of 
[MoCp(CO)3(OEt2)][CBnH6Br6], with peaks due to the reaction products still
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observed. The coordination of OEt2 in [WCp*(CO)3(OEt2)][BAr'4] might suggest 
[BAr’J - to be a more weakly coordinating anion than [c/oso-CBuHeB^]’, but the 
increased steric bulk around a metal when using Cp* as opposed to Cp precludes 
direct contrast, as seen in the increased reactivity of V compared to I towards 
nucleophiles. Trace amounts of the stronger nucleophiles H2O, MeCN or acetone 
were also seen in some experiments, arising from solvent contamination. Addition of 
1 equivalent of these nucleophiles to the product mixture readily yields the 
corresponding solvent coordinated cationic metal complexes 
[MoCp(CO)3X][CBnH6Br6] (X = D2O, MeCN or acetone), with the corresponding 
unique Cp resonances at 8  5.92 (D2O), 8  5.94 (MeCN), and 8  6.10 (acetone).
The products of reaction between [MoCp(CO)3H] and [CPh3][CBnH6Br6] could not 
be further purified or characterised due to the high reactivity of products. Numerous 
attempts at recrystallisation, in order to put the products on a firm structural footing, 
resulted in the formation of pink-red solid or oil. In one instance, a few crystals were 
found present amongst the oil and were characterised by an X-ray diffraction study. 
They were shown to be [MoCp(CO)3(OH2)][CBnH6Br6] (complex XIII), formed by 
the presence of adventitious water.
The solid state structure of compound XIII is displayed in Figure 3.11, with salient 
bond lengths and angles in Table 3.4. The molybdenum adopts piano stool geometry 
with water and three carbonyl ligands capped by the Cp ring. The assignment of 0(1) 
as a water ligand despite failure to locate the related hydrogens in the electron density 






















0(1)-- Br(11) 3.469(6) A
0(1  )-Mo(1 )-C(3) 138.7(3)°
C(2)-M o(1)-C(4) 112.4(3)°
C(1)-B(12)-Br(12) 179.5(3)°
Table 3.4: Selected bond lengths 
and angles for complex XIII
Figure 3.11: Crystal structure of [MoCp(CO)3(OH2)][CBnH6Br6], XIII 
(ellipsoids drawn at 30% probability level)
This is a relatively long M o-0 bond and is significantly longer than M o=0 bonds that 
are typically 1.678 - 1.707 A.[42] The longest terminal Mo-OH bond distance found in 
a search of the Cambridge Structural Database was 2.080(3) A, for the Mo(III) 
compound [MoCp(PMe3)3 (OH)][BF4].[431 The M o(l)-0(l) bond distance lies within 
the typical range found for Mo-OH2 bond distances, 2.112 - 2.220 A.[44] All other 
bond lengths within the cation and anion are unremarkable.
Close inspection of the packing diagram reveals hydrogen bonding between Br(12)’ 
and 0(1) [Br(12)’ -0 (1), 3.366(6) A]. The distance found for this interaction is 
comparable to similar interactions in the aqua complexes [Co(CH3 CN)2 (H2 0 )4 ][Br]2 
[3.283 - 3.315 A][45] and [Cu(C6H6N20)(H 20 )2][Br]2 [3.31 - 3.379 A][46]. Weaker 
interactions from three adjacent bromines [B r(ll) - 0(1), 3.469(6) A; Br(10)’” O(l), 
3.500(6) A; Br(8)” '-0 (1 ), 3.522(6) A] in two neighbouring asymmetric units result 
in each cage hydrogen bonding via four bromine atoms to the water molecule. 
Consequently, a 3-dimensional polymer of cations and anions is propagated in the 
solid state (Figure 3.12).
»Br(12)’
Figure 3.12: Hydrogen bonded environment of H20  in complex XIII
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The abstraction of a methyl group using trityl salts of weakly coordinating anions has 
been used to isolate [M(CO)5(BF4)] (M = Mn, Re).[47] Attempts to mimic this reaction 
in order to isolate the more sterically demanding Cp* analogue of 
[MoCp(CO)3(CBnH6Br6)] was attempted by treatment of [MoCp*(CO)3Me] with 
[CPh3][CBnH6Br6] in CH2CI2 . The !H NMR spectrum of the resulting products 
displayed more than 5 Cp* resonances, indicating the formation of a number of 
species. The products formed are very reactive and their solutions darken rapidly on 
exposure to air. Any attempts to further purify these mixtures in order to further 
characterise the products resulted in their decomposition. The formation of PhsCMe 
as a product of reaction is suggested by the presence of a large multiplet in the !H 
NMR spectrum at 5 7.10 due to phenyl resonances, with the corresponding methyl 
resonance lost in the myriad of Cp* resonances [Ph3CMe lit.1481 values (CDCI3): 5 7.17 
(m, 15H), 6  2.20 (s, 3H)]. This perhaps implies [MoCp*(CO)3(ClCH2Cl)][CBiiH6Br6] 
or [MoCp*(CO)3(CBnH6Br6)] were initially formed, but are unstable in solution. In 
some literature cases, using Ph3C+ to abstract a methyl group results in hydride 
transfer instead to generate a carbene complex. For example, treatment of 
[ReCp(NO)PPh3)(CH3)] with [Ph3C][PF6] affords [ReCp(NO)(PPh3X=CH2)][PF6] . t491 
However, the absence of Ph3CH resonances in the H NMR spectrum of the products 
from reaction of [MoCp*(CO)3Me] with [CPh3][CBnH6Br6] indicates that this does 
not happen in this instance. Given the decomposition of the products from this 
reaction, it is unsurprising that the products of the analogous reaction between 
[MoCp*(CO)3H] and [CPh3][CBnH6Br6] in CH2CI2 also yield a similarly large 
number Cp* species in the TH NMR spectrum.
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The product mixtures resulting from reaction of [MoCp*(CO)3Me] or 
[MoCp*(CO)3H] with [CPh3][CBnH6Br6] can be treated with acetone to generate 
[MoCp(CO)3(C3H6 0 )][CBnH6Br6] (IX) as the major species in solution 
(approximately 50% of total Cp* integrals in lB. NMR spectrum of products). The 
corresponding Cp* peak is observed at 8  2.04 and the coordinated acetone resonance 
comes at 8  2.49 in the !H NMR spectrum of IX. The downfield shift of the 
coordinated acetone resonance compared to ‘free’ acetone ( 8  2.17) has been observed 
in the related compound [MoCp(CO)3(0 =CMe2)][BF4][26] ( 8  2.43). This species also 
displays a peak a 1640cm'1 in the IR spectrum corresponding to the v(C=0) stretching 
frequency of coordinated acetone. The related peak for the v(C=0) stretching 
frequency in compound IX is displayed at 1653cm'1. Both these stretching 
frequencies are considerably lowered than free acetone [v(C=0) = 1712cm'1],
highlighting the weakening of the C=0 bond on coordination to the metal. A CH2CI2 / 
hexane layer of this mixture resulted in the formation of a brown oil containing 
orange-red crystals. An X-ray diffraction study of these crystals showed them to be 
[MoCp*(CO)3(0 =CMe2)][CBiiH6Br6], complex IX.
The solid state structure for complex IX is displayed in Figure 3.13 with pertinent 
bond lengths and angles in Table 3.5. The molybdenum adopts the familiar piano 
stool geometry seen for its tricarbonyl cyclopentadienyl derivatives. The acetone 
ligand is bound to molybdenum in an q 1 manner as commonly observed for ketone 
complexes. The Mo(l)-0(4) distance of 2.186(7) A is significantly shorter than other 
molybdenum complexes containing coordinated acetone, such as trans- 









M o(1)-0(4) 2 .186(7) A
0(4)-C (14) 1.231(12) A
C(11)-M o(1) 2 .038(12) A
C(12)-M o(1) 2.010(12) A
C(13)-M o(1) 1.987(12) A
M o(1)-0(4)-C (14) 141.3(7)°
C (13)-M o(1)-0(4) 143.5(4)°
C(11)-M o(1)-C(12) 110.6(5)°
Table 3.5: Selected bond lengths 
and angles for complex IX
C (1 6)
Figure 3.13: Crystal structure of [MoCp (C 0)3(C3H60)][C BnH 6Br6], IX 
(ellipsoids drawn at 30% probability level; hydrogens omitted for clarity)
[MoO{S2C2(CN)2}(dppe)(0=CMe2)]t5l] [2.333(2) A], implying a strong Mo-acetone 
interaction. However, it is not as short as that found for alkoxide complexes such as 
[M o^Pr^C bpykP1 (Mo-0 ca. 1.93 A) in which significant oxygen-p-to- 
molybdenum-d % bonding is thought to occur. The 0(4)-C(14) distance at 1.231(12) 
A is typical to those in other complexes containing a-bound acetone ligands, for 
example [Mo(=CNHPh)(0=CMe2)(dppe)2][BF4][501 [1.226(5) A], [MoO[S2C2(CN)2} 
(dppe)(0=CMe2)]1511 [1.231(4) A], and [Ru{C(=CHPh)OCMeO}(OCMe2)(CO) 
(P'Pr3)2 ][BF4](531 [1.235(10) A],
3.2.4 Ranking Coordinating Ability: Comparisons Between [closo-CBnHn]", 
[c/0 S0 -CBnHnBr]' and [c/oso-CBnH6Br6]'
The complexes [MoCp(CO)3(X)] [X = {c/osoCBuHn}" (compound I), {closo- 
CBnHnBr}' (compound VII) and {c/oAO-CBnH6Br6}’] have all been characterised 
(albeit the latter only spectroscopically), so conclusions can now be drawn as to the 
relative coordinating abilities of the anions. The average v(CO) stretching frequencies 
for these compounds are 2036cm'1 (compound I), 2024cm'1 (compound VII) and 
2032cm'1 [MoCp(CO)3(CBnH6Br6)]. According to the ranking scheme developed by 
Reed based on carbonyl stretching frequencies,[31] this value ranks the coordinating 
ability of these anions [(BF4)' and (PFe)' included for comparison] in the order [PF6]' 
< [C/0 J0 -CB11H12]’ < [c/as0 -CBnH6Br6]’ < [c/aso-CBuHnBr]' < [BF4]'. The grading 
of [closo-CB11H12]’ as more weakly coordinating than [c/oso-CBi iH6Br6]' and [closo- 
CBnHnBr]' is counterintuitive when the reactivity of these complexes is taken into 
account. The supposedly most weakly coordinating anion in this ranking scheme,
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[closo-CBuKn]', is not displaced by nucleophiles such as H2O in complex I. In 
contrast, [MoCp(CO)3(CB] iHeBre)] and the [BF4]" congener are very reactive
towards H2O. Hence, whilst the use of carbonyl stretching frequencies to rank 
coordinating abilities is perhaps useful for observing general trends between anions, it 
is clear that it cannot be used as a definitive scale for the reactivity of these carborane 
complexes.
Perhaps a better system of ranking comes from analysis of the Cp resonances. The 
further downfield the Cp resonance is shifted, the more electron deficient the metal 
centre and hence more weakly nucleophilic the anion. Comparative shifts of a number 
of compounds with the general formula [MoCp(CO)3(X)] are displayed in Table 3.6.
X 5 (C5 H5)t  Reference
SbFe 6.04 [2 1 ]
<0
LLQ_ 6.04 [2 1 ]
CBnHeBre 6 . 0 2 This work
b f 4 5.97 [4]
CBnHnBr 5.92 This work
SO 3 CF 3 5.88* [4]
CB1 1 H1 2 5.79 This work
T In CD2 CI2  unless otherwise noted.
* In CDCI3.
(Residual protio references: CH2 CI2  = 5.33, CHCI3  = 7.25)
Table 3.6: 5 (C5H5) for complexes o f general formula [MoCp(CO)3(X)]
(X = weakly coordinating anion)
The results rank the coordinating ability of the anions in the order: [SbFe]’ « [PFe] < 
[c/as0 -CBnH6Br6]’ < [BF4 ]’ < [c/osoCBnHnBr]' < [SO3CF3]' < [c/aso-CBiiH^]’. In 
contrast, the carbonyl stretching frequencies of compound I ranks [c/oso-CBnHn]’ 
just below [BF4]' in terms of coordinating ability (Table 2.2, section 2.2.1). The
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reversal of the trend from the CO stretching frequencies, by comparing the Cp 
resonances instead, is perhaps more realistic given the extremely sensitive nature of 
[BF4]' in [MoCp(CO)3(BF4)] towards competing nucleophiles such as H2O and 
acetone.[26] This is in comparison to the air stability of complex I and the inertness of 
the [closo-CBuKnY anion towards displacement by acetone or H2O. Unfortunately, 
the complexes [MoCp(CO)3(BAr4)] [Ar = 3,5-bis(trifluoromethyl)phenyl or 
pentafluorophenyl] could not be included in this ranking as they have not been 
isolated. This is presumably as they are unstable and decompose in solution, as seen 
in attempts to isolate the related compound [WCp(CO)3(BAr4 ) ] . [281
It is important to remember that these relative rankings apply to a specific system. It 
has been shown that increasing the steric bulk around the metal can significantly 
affect the coordinating ability of the large [c/aso-CBnHu]’ anions, evidenced by the 
sensitivity of complex V to water and the inability to isolate 
[MoCp*(CO)3(CBnH6Br6)]. The coordinating ability of smaller anions, such as 
[BF4]', is likely to be affected to a lesser degree as the steric environment around a 
metal increases. This may perhaps result in [c/osoCBiiH^]' becoming more weakly 
coordinating than [BF4]‘ in some instances. It is an important distinction that whilst 
the coordinating abilities of the anions may change according to the system in 
question, the relative nucleophilicities of the ‘free’ anions will remain the same.
The inability to rank [c/osoCBnH^]’ and its derivatives against the widely used and 
very weakly coordinating [BAr4]' anions by comparison of the chemical shift for the 
Cp resonance in [MoCp(CO)3(X)] can be overcome by instead comparing the 
catalytic activities of related species, as outlined in the next section.
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3.2.5 Catalytic Ionic Hydrogenation of 3-pentanone
Hydrogenation of ketones and aldehydes is an important industrial reaction, utilised in 
the synthesis of compounds of use in the pharmaceutical and agricultural industries. 
There have been numerous transition metal homogenous hydrogenation catalysts 
developed, based mainly on rhodium and ruthenium catalysts. Of particular note are 
some fantastically reactive ruthenium catalysts, developed by Noyori and co-workers 
for use in enantioselective hydrogenation of ketones with H2,[54] or transfer 
hydrogenation reactions with isopropanol as the hydrogen source.[55]
Bullock has recently reported the use of [MCp(C0)2(PR3)(rj1-0=CEt2)][BAr'4] [M = 
Mo, W; R = Me, Ph, cyclohexyl; Ar' = 3,5-bis(trifluoromethyl)phenyl] complexes as 




[M C p(C 0)2(PR3)(0= C E t2)][BAr'4] 
H2 (< 4  atm), 23°C
Et
( 3 . 1 0 )
Et
The catalytic precursors can be generated in situ from the reaction of 
[MCp(CO)2(PR3 )H] and [CPh3 ][BAr’4] in the presence of 3-pentanone. Bullock 
demonstrated that the steric effects of the phosphine ligands predominated over 
electronic effects in influencing rate of reaction, the key step in the mechanism being 
the promotion of ketone dissociation from the metal (Figure 3.14) that is aided by the 
steric bulk of the phosphine. Although the turnover frequencies of this catalyst system 
are low compared to ruthenium hydrogenation catalysts,[58] it has the advantage of
119
utilising a cheaper metal source and molecular hydrogen as the feedstock for both the 














M -H  +
M H\  /
R Hydride
transfer
Figure 3.14: Proposed mechanism for the catalytic ionic hydrogenation of ketones with 
[MCp(CO)2(PR3)(0=CEt2)] (M = Mo, W) (Reproduced from reference [57])
The similarity o f the catalytic species used by Bullock with complexes I, VII, and 
‘[MoCp(CO)3 (CBnH 6 Br6 )]’ prompted an investigation into whether or not these 
compounds containing monoanionic carborane anions would have any activity as 
hydrogenation catalysts. The general procedure for monitoring the hydrogenation of 
3-pentanone outlined by Bullock was used,[56] along with the same catalyst and 
substrate ratio in order to allow realistic comparison of any observed activities to be 
made (see experimental section). This will allow, for the first time, direct comparison 
o f the coordinating properties o f [BAr^]' and monoanionic carboranes. This 
comparison can be made because a more coordinating anion would discourage both 
ketone and dihydrogen binding by coordination with the metal itself, thus reducing 
the rate of catalysis.
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Given the stability of complex I in the presence of acetone, it is unsurprising that after 
5 days reaction with H2 and 10 equivalents of Et2C= 0  in CD2CI2 the *H NMR 
spectrum shows unreacted starting material, and small amounts of two unidentified 
decomposition species (11% of total Cp concentration). A very small peak at 8  6.09 
(10% of total Cp concentration) could indicate partial reaction to 
[MoCp(CO)3(0 =CEt2)][CBnHi2], although the-corresponding ethyl resonances for 
this compound would be swamped by the large peaks of uncoordinated 3-pentanone, 
and are thus not observed. The equivalent reaction with VII supports assignment of 
this lowfield Cp resonance as the ketone complex of I. Thus, reaction of complex VII 
with 10 equivalents of 3-pentanone under a hydrogen atmosphere for 5 days results in 
the Cp region of the !H NMR spectrum displaying a peak for unreacted VII at 5 5.96 
(6 6 %) and an additional peak at 8  6.11 (33%). The peak at 8  6.11 is assigned as 
[MoCp(CO)3(0 =CEt2)][CBnHnBr], with the corresponding ethyl resonances at 8  
2.60 (q, C//2, /hh = 7.2 Hz) and 8  1.15 (t, Cf/3, J hh  = 7.2 Hz) shifted downfield and 
clearly distinguishable from the large 3-pentanone peaks at 8  2.41 and 8  1.01. This 
slight downfield shift of coordinated compared to ‘free’ 0 =CEt2 has previously been 
observed in the related [MoCp(CO)2(PR3)(0 =CEt2)][BAr,4] (R = Me and Ph) 
complexes.[57] The Cp resonance at 8  6.11 is the same as that found in the closely 
related complex [MoCp(CO)3(0 =CMe2)] [BF4][26] ( 8  6.11). At no point was any 
evidence found for the presence of hydrogenation products in the ]H NMR spectra of 
the reactions for both I and VII. The greater degree of ketone substitution in complex 
VII compared to complex I reflects a weaker metal-anion interaction for [closo- 
CBnHnBr]' versus [c/asoCBiiH^]'.
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The hydrogenation catalyst containing [c/oso-CBnHgBre]' was generated in situ from 
[MoCp(CO)3H] and [CPh3][CBnH6Br6] under standard conditions. After one day of 
hydrogenation, the Cp region of the !H NMR spectrum displays one major peak at 8  
6.14, but no hydrogenation of the ketone. The chemical shift of this major 
organometallic species is similar in value to the Cp resonances of the proposed ketone 
complex of I and VII and is correspondingly assigned as 
[MoCp(CO)3(0 =CEt2)][CBnH6Br6], with the resonances for the coordinated ketone 
clearly visible at 8  2.63 (q, C//2 , ^hh = 7.2 Hz) and 8  1.16 (t, C//3, Jnu = 7.2 Hz). 
Continued reaction under a hydrogen atmosphere for a further 13 days results in the 
majority of this species decomposing to uncharacterised products, and no evidence of 
any significant hydrogenation of the ketone.
The inability of the tricarbonyl molybdenum catalysts outlined in this work to 
hydrogenate 3-pentanone presumably arises from their inability to promote ketone 
dissociation, the key step in the mechanism for this reaction (Figure 3.14). This is 
presumably due to insufficient steric bulk around the metal, combined with a stronger 
metal ketone bond for the more Lewis acidic {MoCp(CO)3 }+ fragment in comparison 
to {MoCp(CO)2(PR3)}+. This is further exasperated in the case of complexes I and 
VII because of stronger anion-metal versus ketone-metal interactions that inhibit the 
formation of the ketone complex.
Attention now turned to the [MoCp(CO)2(PPh3)(0 =CEt2)][CBnH6Br6] catalyst 
precursor, analogous to Bullock’s [MoCp(CO)2(PPh3)(0 =CEt2)][BAr’4 ]  which has 
been shown to be a relatively effective catalyst. The failure of the [c/osoCBnHn]’ 
and [c/oso-CBi 1H1 iBr]' anions in complexes I and VII to completely dissociate to
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their respective ketone complexes in the tricarbonyl species precluded their inclusion 
in this part of the study and only [c/o5 o-CBnH 6 Br6 ]‘ was used. Hydrogenation of 3- 
pentanone to 3-pentanol using [MoCp(CO)2 (PPh3 )(0 =CEt2 )][CBnH 6 Br6 ], generated 
in situ from the reaction o f [MoCp(CO)2 (PPh3 )H] and [CPh3 ][CBnH 6 Br6] was 
monitored by *H NMR spectroscopy. Additional H2  was added to the reaction every 6  
days to maintain the hydrogen pressure that is reduced by H 2  consumption. The 
number of catalyst turnovers with respect to time is displayed in Figure 3.15, upon 
which are superimposed the results for related catalytic species as reported by 
Bullock.[56] These results clearly show that the catalyst containing [c/aso-CBnH 6 Br6 ]* 










M-PR3 = [MoCp(CO)2(PR3)(0=CEt2)][BAr'4] or [WCp(C0)2(PR3)(0=CEt2)][BAr'4] 
[Mo-PPh3][CbBr6] = [MoCp(CO)2(PPh3)(0=CEt2)][CBnH6Br6]
Figure 3.15: Catalytic activity for the hydrogenation of 0=CEt2 with M-PR3 
(Modified diagram from reference f56])
The faster rate of reaction for [BAr'4]' ranks it below [c/oso-C B u^B ^]' in terms of 
increasing coordinating ability. The [BF4]' and [PF6 ]' anions were included by
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Bullock in his hydrogenation studies,1571 but the catalysts generated were not as active 
so only qualitative measurements were taken, thwarting direct counterion 
comparisons with [c/<m>-CBnH6Br6]' by us. However, based on the relative 
coordinating abilities of these anions from comparison of the shift in Cp resonances 
for [MoCp(CO)3 (X)] the rates of hydrogenation could perhaps be predicted to 
decrease in the order [BAr'J* > [PFe]' > [c/o50-CBnH6Br6]' > [BF4]'. Importantly, this 
is the first time that [BAr'4]' and [c/aso-CBnH6Br6]* have been directly compared in a 
catalytic reaction. In addition, Bullock notes that [OTf]' is coordinated too strongly to 
molybdenum to provide any significant catalysis, which is in accord with the ranking 
of this anion by the Cp resonance chemical shifts as similar in coordinating ability to 
[c/050-CBnH12]' and [c/aso-CBnHnBr]' which are not readily displaced by ketone in
The generation of the product alcohol in this reaction is also accompanied by the 
formation of smaller amounts of an ether, (Et2CH)20 , arising from the condensation 
of two product alcohols (Equation 3.11). The results shown in Figure 3.15 include the 
formation of the alcohol and its subsequent conversion to ether. After 18 days of 
reaction with [MoCp(CO)2(PPh3)(0=CEt2)][CBnH6Br6], the molar ratio of ether 
[(Et2CH)20] to alcohol [Et2CHOH] was 0.13 : 1 respectively. In contrast, when 
[MoCp(CO)2(PPh3)(0=CEt2)][BAr/4] is used as a catalyst, the molar ratio of ether to 
alcohol increases to 0.18 : 1 after 6 days o f reaction.1571









This chapter has explored the viability of using hydride and methyl abstraction 
reactions from transition metal centres in order to isolate complexes of ligated [closo- 
CB11H12]’ and its derivatives. These reactions have allowed the isolation of novel 
compounds that are not accessible via silver salt metathesis. The [c/oso-CBnHn]’ 
anion in compound I is not displaced by H2O, which is in contrast to complex V in 
which the carborane can be readily substituted for H2O. This suggests the Cp* ligand 
is dictating the way in which the bulky [c/oso-CBnHu]’ anion can bind, weakening 
the anion-metal bond. It demonstrates that increasing the steric environment around 
the metal can dramatically affect the coordinating ability of the carborane anions, 
highlighting the important role the large steric bulk of [c/osoCBuHn]' plays in its 
classification as a weakly coordinating anion.
Complex VII is the first organometallic species isolated containing ligated [closo- 
CBnHnBr]', which in solution coordinates to the metal primarily via bromine as 
opposed to one of the B-H vertices.
The weakly coordinating nature of the \closo-CQ\ iH6Br6]’ anion is revealed by the 
high reactivity of [MoCp(CO)3(CBnH6Br6)], which in CH2CI2 forms an equilibrium 
with the solvent to yield a postulated dichloromethane complex. The inability of H2O 
to displace the monobromo anion in VII, is in direct contrast to the high reactivity of 
[MoCp(CO)3(CBnH6Br6)] towards trace amounts of this nucleophile. Given that both 
bond through B-Br-Mo interactions, this difference in reactivity is perhaps due to the 
increased steric bulk of [c/aso-CBnH6Br6]' over [closo-CB 11H 11 Br]'.
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Importantly, the following ranking of anion coordinating abilities can be drawn from 
the chemical shift of the Cp resonances in [MoCp(CO)3(anion)]: [SbFe]' = [PFe]* < 
[closo-CB11H6Br6]’ < [BF4]' < [c/oso-CBnHnBr]* < [SO3CF3]' < [c/oso-CBnHu]". 
However, limits to the use of the chemical shift of Cp in [MoCp(CO)3(anion)] to rank 
coordinating abilities is seen for [PFg]’ and [closo-CB\\Y{^xe\', where 
diehloromethane is thought to become competitive with the anion for coordination to 
the metal. The increased reactivity of [MoCp(CO)2PPh3(0 =CEt2)][BAr’4] over 
[MoCp(CO)2PPh3(0 =CEt2)][CBnH6Br6] in the hydrogenation of 3-pentanone 
suggests [BAr’4]‘ is a more weakly coordinating anion than [c/oso-CBi iH6Br6]~. The 
relative shifts of the carbonyl stretching frequencies in the IR spectra of 
[MoCp(CO)3(anion)] compounds are clearly not an accurate guide to relative 
coordinating abilities of the anions because of the close similarity in CO stretching 
frequencies for I, VII and [MoCp(CO)3(CBnH6Br6)] that is in contrast to their 
differing reactivities. However, the chemical shift of the Cp resonance 
(thermodynamic measure) is a reasonable guide to the reactivity (kinetic measure) of 
these complexes. This idea of comparing thermodynamic rankings (NMR, X-ray 
crystallography) with kinetic rankings (catalysis) is further explored in the next 
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4 Sil v e r  C h e m is t r y  o f  Ic o s a h e d r a l  
M o n o c a r b o r a n e  An io n s
4.1 Introduction
Silver(I) salts of icosahedral monocarborane anions have been useful in generating 
metal complexes containing weakly coordinating anions, such as 
[FeCp(C0 3 )2(CBnHi2)][11, [Fe(TPP)(CBnHi2)]t21 and compounds I - IV as described 
in Chapter 2. In addition, they are of structural interest in their own right because they 
exhibit a number of different coordination motifs. Structures of silver© carborane 
salts often have coordinated arene molecules in the crystal lattice because of their 
solubility in arene solvents and the comparable donor ability of anion and solvent. 
Each structure has a different coordination motif that is difficult to predict, often with 
bridging carborane anions forming coordination polymers in the solid state. For 
example, Ag(CBnHi2).2 C6H6 contains a three coordinate silver with r\l coordination 
of the benzene and bridging B-H bonds from B(7) and B(12) cage vertices (Figure 
4.1).[3] Four coordinate silver is found in Ag(CBnHnBr).C6H6, again with rj1 
coordination of benzene but now with B-Br and B-H bonds from bridging 
carboranes.[4] On changing from monobromo- to hexabromo-carborane, arene 
molecules are excluded from the lattice, with each carborane now bridging two silver 
atoms to generate a six coordinate silver atom.[5] Other examples of structurally 
characterised silver© carborane anions include Ag(CBuHnF),[6] Ag(l-R-CBnH6X6) 
(R = H, Me; X = H, Cl, Br, I),[5’71 Ag(l-R-CBnXn) (R = H, Me; X = Cl, Br),[8*91 and 
Ag(l-H-CBnX5Y6) (X or Y = Cl or Br)[9] which contain 3, 4, 5, or 6 coordinate silver
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Ag(CB„H12) Ag(CBnHnBr) Ag(CBnHnBr6)
Figure 4.1: Coordination geometries about silver in the solid state structures of Ag(CBuH 12) /3]
Ag(CBnHnBr),[4] and Ag(CBnH6Br6)[5]
atoms, a variety of coordinated arene molecules and a number of different 
supramolecular features.
In collaboration with the group of Dr. Chris Frost (University of Bath) the 
investigation o f the use of silver(I) carborane compounds [Ag(CBnHi2 ) and 
Ag(CBnH6Br6)] as catalysts for organic transformations was attempted (see later 
discussion). Unfortunately, they showed very little activity, thought to be a 
consequence o f the poor solubility that these silver carboranes have in the solvent 
used (CH2 CI2 ). With this in mind, it was hoped to be able synthesise some more 
soluble versions of the simple silver(I) carboranes. The large amount of silver(I) 
phosphine chemistry reported in previous literature, that allows useful structural 
predictions to be made on the basis of spectroscopic data/10, 11] coupled with the 
stability of such complexes in air encouraged us to synthesise a range silver(I) 
phosphine complexes containing [c/oso-CBnHu]' and its derivatives. It was hoped
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that the solid-state structures of these species would show interesting supramolecular 
features, as seen for Ag(CBnHi2) and related compounds, and that their increased 
solubility would improve the performance of silver(I) carboranes in homogenous 
catalysis. Moreover, the ability to change the anion systematically in the complexes 
may lead to useful structure/activity relationships being uncovered. This chapter 
outlines the synthesis and characterisation of silver phosphine compounds with the 
general formula [Ag(PPh3)x(Y)] [x = 1, 2; Y = (c/aso-CBnH^)', (closo-CB\ jHiiBr)', 
(c/aso-CBnH6Br6)', (c/ojo-CBiiHeCk)'], and the assessment of some of these 
compounds as catalysts in a hetero-Diels-Alder reaction is discussed.
4.2 Results and Discussion
4.2.1 Synthesis and Characterisation of [Ag(PPh3)(X)J [X = (closo-CBi\Hn)\ 
(c/0 S0 -CBiiHiiBr)", (c/0 S0 -CBnH6Br6)" and (c/0 S0 -CBnH6Cl6)"]
The silver salts of the monoanionic carborane anions having the general formula 
[c/as0 -CBnH6X]' [X = H6, (HsBr), Br6 and C^] are readily prepared as air stable 
compounds. Dropwise addition of slightly less than one equivalent of PPh3 (to avoid 
formation of the bis-phosphine derivatives, discussed later) in CH2CI2 to a suspension 
of [Ag(CBnH6X6)] in CH2CI2 results in the formation of [Ag(PPh3)(CBnH6X)] [X = 
H6 (compound X), (HsBr) (compound XI), Br6 (compound XII), Cl6 (compound 
XIII)]. Colourless crystals of all these new compounds (Figure 4.2) were isolated in 
good yield from the slow diffusion of hexanes into CH2CI2 solutions, and fully 















Figure 4.2: Compounds X -  XIII
[Ag(PPh3)(CB11H 12)J, Compound X
The solid state structure of compound X is given in Figure 4.3, with relevant bond 
lengths and angles in Table 4.1. The {AgPPh3}+ fragment interacts with the [closo- 
CB 1 1 H 1 2 ]’ anion via three {B-H} vertexes that form the B(7)-B(8)-B(12) face o f the 
cage. The coordination of the cage in an refashion is reminiscent to that seen 
previously for [ZrCp*(Me)2 (r|3-CBiiHi2 )].[12] The silver atom is located closest to 
B(8), not in the middle o f the B(7)-B(8)-B(12) face, a feature reflected in the 
corresponding Ag-B bond lengths: Ag(l)-B(7), 2.619(2) A; Ag(l)-B(8), 2.504(1) A; 
Ag(l)-B(12), 2.569(3) A. These bond lengths are in broad agreement with those seen
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Figure 4.3: Crystal structure of [Ag(PPh3)(CBnH12)], X 
(phenyl hydrogen atoms omitted for clarity; ellipsoids drawn at 30% probability level)
A g(i)-P (i) 2 .3625(7) A
Ag(1)-B(7) 2 .619(3) A
Ag(1)-B(8) 2 .5 0 4 (3 )A










Table 4.1: Selected bond lengths 
and angles for compound X
in the metallocarborane complex [Mo(CO)3(PPh3)(rj5-7 -CBioHn)(AgPPh3)] [131 
synthesised by Stone and co-workers, containing a {AgPPh3}+ fragment 
exopolyhedrally bound via two B-H-Ag 3-centre-2-electron bonds [Ag-B, 2.522(4) A 
and 2.589(4) A]. The related compounds [Re(CO)3(r|5-7,8 -C2B9Hio)(AgPPh3)][ 141 
[Ag-B distance, 2.449(4) A] and [ {Re(CO)3(r|5-7 ,8 - 
C2B9H10)}2 {AgPh2P(CH2)2PPh2Ag} ] t151 [Ag-B distance, 2.442(6) A] contain Ag-Re 
bonds in addition to B-H-Ag bonds which results in shorter Ag-B bond lengths than 
seen in compound X. The silver atom sits essentially on the plane formed by P(l), 
B(8 ) and B(12) with the sum of the relevant bond angles around Ag(l) totalling 
359.8° [P(l)-Ag(l)-B(8 ), 158.23(6)°; P(l)-Ag(l)-B(12), 160.32(6)°; B(8 )-Ag(l)- 
B(12), 41.26(8)°]. This leaves an apparent vacant coordination site to the silver atom 
approximately trans to H(7). Inspection of the packing diagram reveals no 
intermolecular {B-H}—Ag interactions occupying this position. However, there is 
what appears to be a long intermolecular interaction from C(35)’ [C(35)’-Ag(l), 
3.348(3) A], a phenyl ring carbon on a symmetry generated molecule. This Ag-Carene 
distance is longer than that found in other structurally characterised silver carborane 
salts with silver-arene interactions (Ag—Carene ca. 2.5-1.6 A), which are in turn typical 
in length to those found in other silver-arene complexes. 1161 Silver-arene contacts of 
2.89-3.37 A have been observed before, 1171 and the long Ag-Carene interaction 
[3.348(3) A] in compound X is thought to be significant in this instance because of 
the orientation of the silver phosphine fragment relative to the cage. Overall, this 
interaction generates a dimeric motif in the solid state, shown in Figure 4.4.
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B (7 )
C ( 1 ) C ( 2 1 )
B (1 2 )
B (8f
C ( 3 5 )
B(ar
P(1)\
C ( 1 ) ’C ( 2 1 ) ’
B (7 ) ’
Figure 4.4: Dimeric unit formed in the extended lattice of compound X
The A g(l)-P(l) distance of 2.3625(7) A is comparable to that seen for 
[Ag(PPh3 )(NC>3 )][l8] [2.369(6) A], which places this bond at the shorter end of the 
range observed for silver-phosphine complexes[19] implying a strong coordination of 
the phosphine to silver. This is reflected in the observed value of /(AgP) in solution 
and the solid state, as discussed next.
In solution, the {Ag(PPh3 )}+ fragment is fluxional over the surface o f the carborane 
cage. The ^ { " B }  NMR spectrum of compound X exhibits resonances for the ligated 
[cIoso-CBnHn]' anion at 6 2.55 (1H, s, CH), 5 2.25 (1H, s, BH) and 8 1.85 (10H, 5H 
+ 5H coincidence, s, BH) in a 1:1 ratio of [c/oso-CBuH^]": triphenylphosphine. No 
significant changes in the spectrum are observed when the sample is cooled to -90°C, 
indicating the scrambling of (Ag(PPh3 )}+ about the carborane periphery is via a low 
energy dynamic process that imparts time averaged Csv symmetry on the cage. The
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fluxional behaviour of {Ag(PPh3)}+ about the surface of related metallocarboranes 
has been noted previously. 1131 The 11B{1H} NMR spectrum of X (CD2CI2) reflects the 
Csv symmetry seen in the ^ { "B }  spectrum and displays resonances at 8  -13.6 [IB, 
B(12)], 8  -14.5 [5B, B(7-ll)] and 8  -15.3 [5B, B(2-6)]. The B(12) and B(7-ll) 
resonances are shifted upfield compared with [NBU4KCB11H12] (CD2CI2) 8  -8 . 0  [IB, 
B(12)], 8  -14.1 [5B, B(7-l 1)] and 8-16.9 [5B, B(2-6)], in which no significant cation 
anion interactions are likely to occur. This indicates that the {AgPPh3 }+ fragment in 
compound X is interacting significantly with the carborane anion in solution through 
the B(12) and B(7-ll) the faces of the cage. The upfield shift of the cage boron 
resonances, but the absence of any high-field peaks in the ^ { "B }  NMR spectrum of 
X that are indicative of significant Ag-H bonding, perhaps implies that the carborane 
is binding to silver predominantly through Ag-B as opposed to Ag-H interactions. 
Given the strong metal-cage interactions in solution evident from the nB NMR 
spectrum, it is perhaps strange that no evidence of any Ag-H coupling in either the 
^ {"B }  or 11B{1H} NMR spectra of compound X is observed, a curiousity observed 
in related Ag-metallocarborane compounds by StoneJ13' 151 This said, examples of Ag- 
H coupling being observed spectroscopically are rare in the literature. 1201 The 31P{]H} 
NMR spectrum of compound X displays a peak due to a single species centred at 8  
18.70, consisting of two doublets arising from phosphorous coupling to both 107Ag 
[/(107AgP) = 691 Hz] and 109Ag [7(109AgP) = 795 Hz] isotopes of silver. The large 
average coupling constant [J(AgP)aVerage = 743 Hz] for this compound is consistent 
with the strong Ag-P bond observed in the solid state. That the gross solid state 
structure is maintained in solution is confirmed by inspection of the 31P{1H} CPMAS 
spectrum. This displays two doublets centred at 8  18.06 with an average coupling
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constant of 738 Hz, closely matching that seen in the solution 31P{1H} NMR spectrum 
(Figure 4.5).
P{‘H} CPMAS spectrum
P{‘H} NMR spectrum (CD2C12)
1040 30 20 0 ppm
Figure 4.5: Solid state and solution 31P{1H} NMR spectrum of compound X 
[Ag(PPh3)(CBj jHj jBr)], Compound X I
The asymmetric unit in the crystal structure of XI consists of one solvent molecule 
(CH2 CI2 ) and two chemically independent dimeric molecules o f general formula 
[{(PPh3)Ag}2{12-|Li2-Br-CBuHii}2]. The dimeric species have been labelled XIA and 
XIB and are displayed in Figure 4.6 and Figure 4.7 respectively, alongside their 
corresponding tables of relevant bond lengths and angles (Tables 4.2-4.5). Each dimer 
displays a bromine atom from two carborane cages bridging two silver atoms via one 
short [Ag-Br average 2.65 A] and one longer [Ag-Br’ average = 3.09 A] Ag-Br bond 
to generate a {Ag2Br2} core of the molecule. In addition to the halide bonds, each
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Figure 4.6: Crystal structure of [Ag(PPh3)(CBuHnBr)], XIA 





























Table 4.2: Selected bond 
lengths for compound XIA
Table 4.3: Selected bond angles 
for compound XIA
Figure 4.7: Crystal structure of [Ag(PPh3)(CBuHiiBr)], XIB 
(phenyl hydrogen atoms omitted for clarity; ellipsoids drawn at 30% probability level)
(A)
Ag(4)-Ag(3) 4 .3743(6 )
A g(3)-P(3) 2 .393(2)
Ag(4)-P(4) 2 .401 (2 )
Ag(3)-Br(3) 2 .6527 (7 )
Ag(3)-Br(4) 3 .1718(8)
Ag(4)-Br(4) 2 .6691 (7 )
Ag(4)-Br(3) 3 .0568(8)
B(52)-Br(3) 2 .030(6 )
B(72)-Br(4) 2 .029(6 )
H(47)-Ag(4) 2 .32
H(72)-Ag(3) 2 .42
B (47)--A g(4) 3 .148(5 )







Ag(3)-Br(3)-Ag(4) 99 .77 (2 )
Ag(3)-Br(4)-Ag(4) 9 6 .61(2 )
Br(3)-Ag(3)-Br(4) 80 .84 (2 )
Br(3)-Ag(4)-Br(4) 8 7 .78(2 )
B(52)-Br(3)-Ag(3) 95 .7 (2 )
B(52)-Br(3)-Ag(4) 87 .1 (2 )
B(72)-Br(4)-Ag(4) 95 .8 (2 )
B(72)-Br(4)-Ag(3) 87 .2 (2 )
Table 4.4: Selected bond 
lengths for compound XIB
Table 4.5: Selected bond angles 
for compound XIB
carborane interacts further with silver via a B-H-Ag interaction from a hydrogen on 
the B(7-l 1) boron belt [H-Ag’ average 2.34 A; B—Ag’ average 3.16 A], that is similar 
in length to B-H-Ag interactions in IIIA [H-Ag, 2.43 A; B—Ag, 3.159(3) A] but 
longer than those seen in compound X [H-Ag average 2.25 A; B—Ag average 2.56 
A]. The silver-halide cores of XIA and XIB are pseudo planar, with the maximum 
deviation of any of these atoms from the least squares plane through them being 0.031 
A and 0.009 A respectively. The phosphorous atoms deviate from this plane by 0.005 
A [P(l)], 0.679 A [P(2)], 0.132 A [P(3)] and 0.519 A [P(4)]. The Ag-Ag distances 
within the {Ag2Br2 } cores [Ag(l)—Ag(2), 4.1853(6) A; Ag(3)—Ag(4) 4.3746 A] are 
too long to be considered Ag-Ag bonds, unlike those observed in the {Ag2l2 } core of 
III [Ag-Ag average, 2.99 A]. The only other structurally characterised compounds 
containing a {Ag2X2} (X = halide) core similar to XI are [Ag{P(C6Hn)3 }Cl]2  and 
[Ag{P(C6Hn)3 }Br]2 .[21] The relevant bond lengths in [Ag{P(C6Hn)3 }Br]2 [Ag-Br, 
2.576(2) A; Ag-Br’, 2.718(2) A; Ag—Ag, 3.493(1) A] suggest that its {Ag2Br2} core 
is more ‘compact’ than in XI, although the different phosphines ligands employed on 
the two compounds preclude accurate comparison. Whether or not the dimeric 
configuration of XI observed in the solid state persists in solution is elucidated from 
inspection of the NMR spectroscopy data, discussed next.
The ^ ^ B }  NMR spectrum of XI displays triphenyphosphine and [c/oso-CBnH^]" 
resonances with the correct ratio of intensities for a 1:1 mixture of species in solution, 
while no highfield resonances that might indicate strong Ag-H interactions are 
observed. The "B^H} NMR spectrum displays just three boron resonances in 
solution at 5 -3.3 [IB, B(12)], 8 -13.2 [5B, B(7-ll)] and 8 -16.2 [5B, B(2-6)]
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indicating Csv symmetry of a fluxional carborane cage. These chemical shifts are only 
marginally shifted when compared to [Ag(CBnHnBr)] recorded in d6-acetone [8-3.1 
(IB), 8 -12.8 (5B), 8 -17.1 (5B)] suggesting no significant Ag- {HB} interactions in 
solution. The real clue as to the structure of X I in solution comes from the Ag-P 
coupling constant in the 31P{‘H} NMR spectrum. There are two likely configurations 
(Figure 4.8) that compound X I could adopt in solution, the obvious one being the 
dimeric molecule seen in the solid state. The other possibility is a monomeric species 
with [c/oso-CBiiHnBr]' bound to the silver about the B(7)-B(8)-B(12) face similar to 
the bonding mode o f [c/oso-CBuHu]* in complex X.
^ A g - P P h 3
C *
1
Dimeric solution configuration M onom eric solution configuration  
Figure 4.8: Possible configurations of compound XI in solution
If the monomeric species prevailed in solution an Ag-P coupling constant with a value 
in the region found for compound X  (743 Hz) and [Ag(tmpp)Br]t22] (tmpp = 2,4,6- 
trimethoxyphenylphosphine) (742 Hz) might be expected. In contrast, the dimeric 
species [Ag{P(C6 H n) 3 }Br] 2  shows similar Ag-P coupling constants in both its 
solution (627 Hz) and solid state (612 Hz) 31P{1H} NMR spectra,[21] suggesting that 
the {Ag2 Br2 } core observed in its solid state structure is likely to persist in solution. 
The 621 Hz average Ag-P coupling constant in the 31P NMR spectrum of X I suggests
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that the dimeric motif observed in the solid state is retained in solution. Unfortunately, 
no 31P{iH} CPMAS data is available for XI to directly compare solution and solid 
state structure.
[Ag(PPh3) (CBjiHfiBrd], Compound X II
The solid state structure of [Ag(PPh3)(CBnH6Br6)] is shown in Figure 4.9, with 
relevant bond lengths and angles given in Table 4.6. The molecule displays [closo- 
CBnH6Br6]" coordinated to a {PPh3Ag}+ fragment through two shorter [Ag(l)-Br(7), 
2.8710(5) A; Ag(l)-Br(8 ), 2.6963 (5) A] and one longer [Ag(l)-Br(1 2 ), 3.0953(5) A] 
Ag-Br bond, the lengths of which fall within the range of bond distances found for 
previously reported silver salts of brominated monocarboranes.[5, 7> 23, 241 On initial 
inspection, it is surprising that the coordination geometry about the four coordinate 
silver appears to be more trigonal bipyradimal, as opposed to tetrahedral, with a 
vacant coordination site opposite B(12). This evidenced by the bond angles that Br(7), 
Br(8 ) and P(l) make with silver totalling 360.5° [Br(7)-Ag(l)-P(l), 117.44(3)°; Br(8 )- 
Ag(l)-P(l), 155.55(3)°; Br(7)-Ag(l)-Br(8), 87.47(1)°]. However, further examination 
of the packing diagram reveals a bromine [Br(l 1)’] from a symmetry generated cage 
within the lattice approaches the silver approximately trans to Br(12) [Br(12)-Ag(l)- 
B r(ll)’ 157.15(1)°] (Figure 4.10). The Ag(l)-Br(ll)’ bond distance of 3.4901(5) A is 
very long (see discussion for the solid state structure of IV, section 2.2.4), but is 
within the sum of the van der Waal radii for bromine and silver (3.5 - 3.7 A)[25^ and 
thought to be significant in this instance because it completes a distorted trigonal 
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Figure 4.9: Crystal structure of [Ag(PPh3)(CBnH6Br6)], XII 
(ellipsoids drawn at 30% probability level)
A g(D -Pd) 2.403(1) A
Ag(1)-Br(7) 2 .8710(5) A
Ag(1)-Br(8) 2 .6963(5) A
Ag(1)-Br(12) 3 .0953(5) A
B(7)—Ag(1) 3.587(4) A






Table 4.6: Selected bond lengths and 







Figure 4.10: Weak axial Ag—B interactions Figure 4.11: Space filling diagram (vdW
between symmetry generated isomers of radii) of complex XII showing orientation
complex XII of phenyl groups
This interaction also results in the phenyl groups on adjacent phosphines in the lattice 
having a close approach in the lattice, which in combination with steric interactions 
from [c/aso-CBiiH 6 Br6 ]' leads them to be twisted from their common ‘propeller’ 
geometry to a Cs geometry (Figure 4.11), and distortion of Br(7) and Br(8 ) from lying 
equidistant to the A g(l)-P(l) vector [P(l)-Ag(l)-Br(7), 117.44(3)°; P(l)-Ag(l)-Br(8 ), 
155.55(3)°]. The A g(l)-P(l) bond distance of 2.403(1) A is longer than that found in 
complex X, but only fractionally longer than that found in XI.
Inspection of the phenyl and B-H resonance integrals in the ^ ^ B }  NMR spectrum 
of XII displays a 1:1 ratio of PPI1 3  and cage ligands in solution. The 1 !B{JH} NMR
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spectrum shows that the cage does not retain its rigid coordination to the {AgPPh3 }+ 
fragment, with three peaks observed at 8 -5.4 [IB, B(12)], 5 -9.9 [5B, B (7-ll)] and 8 
-20.2 [5B, B(2-6)] indicating Csv symmetry of the carborane cage, a feature 
commonly observed for this anion in solution. In contrast to the proposed solution 
structure o f compound IV , in which the bromines from both the B(12) and B (7-ll) 
cage vertexes are thought to interacting with silver, only the B(12) boron resonance 
for X II is shifted significantly upfield (A = 8 -4.5) in comparison to 
[NBu4 ][CBnH 6 Br6 ]. This could perhaps suggest that, in solution, [c/oso-CBnP^B^]’ 
is interacting with silver predominantly through the antipodal bromine with weak, if 
any, interactions from the lower pentagonal belt bromines (Figure 4.12). This 
proposed solution configuration also perhaps minimises any phenyl ring -  bromine 
steric interactions, that were observed in the solid state structure of X II (Figure X) 
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Figure 4.12: Stick diagram relating llB{NMR} chemical shifts (CD2C12) and suggested solution 
configurations of [NBu4][CBnHi2], compound IV and compound XII
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The 31P{1H} NMR spectrum of XII displays two concentric doublets in solution 
centred on 8  16.52 with large coupling constants, J ( A g P ) average — 715 Hz. This 
coupling constant is ca. 100 Hz larger than found for the sp2-hybridised compounds 
XI [/(AgP) = 621 Hz] and [Ag{P(C6Hn)3}Br]2  [21] [/(AgP) = 627 Hz] but more of the 
order found for monomeric, sp-hybridised species like X [/(AgP) = 743 Hz] and 
[Ag(tmpp)Br][221 [J(AgP) = 742 Hz]. The extended interactions observed in the crystal 
lattice of XII (Figure 4.10) are unlikely to persist in solution, but the similarity of the 
solid state structure to the solution structure can be seen by comparing Ag-P coupling 
constants in the solid state and solution 31P{1H} NMR spectra. The 31P{1H} CPMAS 
spectrum for XII displays a broad doublet (due to the loss of resolution of the 
coupling to the two different silver isotopes) at 8 23.47 [ / ( A g P ) averagc = 732 Hz], with 
an Ag-P coupling constant somewhat larger than observed in solution (715 Hz).
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[Ag(PPh3)(CBu H6Cl6)], Compound X III
The solid state structure of X III is grossly disordered over two sites (50:50 ratio), but 
can be resolved into two separate components, which themselves show disorder 
(Figure 4.13). For this reason bond lengths and angles are not discussed in detail for 
this compound.
Figure 4.13: Crystal structure of XIII showing gross disorder of silver and [c/ojo-CBuH6C16]' over
two sites in the asymmetric unit
Inspection of the packing diagram for each of the disordered components (X IIIA  and 
X IIIB ) reveals weak interactions between chlorine atoms from carborane cages in a 
neighbouring asymmetric unit and silver. This results in the formation of dimeric 
species with different orientations of the bridging carborane cages for each disordered 
component, displayed in Figure 4.14 (Table 4.7) for IIIA  and Figure 4.15 (Table 4.8) 
for IIIB . In IIIA  one of the chlorines is disordered over two sites [Cl(8 a) and Cl(8 b)], 
a situation matched for one of the chlorines in IIIB  [Cl(l 8 ) and Cl(28)].
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Ag(1 )-CI(12) 2.498(3) A
Cl(8a)’-Ag(1) 3.421(7) A
Cl(9)’-Ag(1) 3.402(3) A











A g(2)-C I(18) 4.141(8) A




C l ( 2 7 ) ’ * 0 1 ( 2 8 ) ' '
C l ( 3 2 ) '
A g ( 2 ) '
C l ( 1 8 )
C l(3 2 )
0 ( 2 8 ) *
C l ( 2 7 )
C l ( 2 9 ) C l ( 3 1 )
Table 4.7: Selected bond 
lengths and angles for 
XIIIA
Table 4.8: Selected bond 
lengths and angles for 
XIIIB
Figure 4.15: Dimeric unit generated from long range interactions in XIIIB
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Tables 4.7 and 4.8 list relevant bond lengths and angles for XIIIA and XIIIB. 
Unfortunately, the heavy disorder observed in the solid state structure of XIII 
precludes any accurate correlations between the solid state and solution (NMR 
spectroscopy) data discussed next.
The ^ { "B }  NMR spectrum of XIII displays resonances corresponding to the
triphenylphosphine and carborane cage with intensities that indicate a 1:1 ratio of the
ligands in solution and no highfield resonances indicative of Ag-H bonds. The
11B{1H} NMR spectrum displays 3 resonances at 8 0.1 [IB, B(12)], 8 -6.6 [5B, B(7-
11)] and 8 -23.2 [5B, B(2-6)] indicating Csv symmetry of the cage in solution and
fluctionality of the {Ag(PPh3)}+ fragment around the chlorine surface of the
carborane cage. The 11B{1H} NMR resonances of XIII are shifted upfield [AB(12) =
8 -0.7, AB(7-11) = 8 -0.5] from those of [Ag(CBnH6Cl6)] (acetone-d6), which
displays three peaks at 8 0.8 [IB, B(12)], 8 -6.1 [5B, B(7-l 1)] and 8 -23.7 [5B, B(2-
6)]. This might suggest [closo-CQ\ c o o r d i n a t e s  to {Ag(PPh3)}+ via an
antipodal chlorine and one or two lower pentagonal belt chlorines in solution.
However, the shift is very small, and indicates that [c/oso-CBnHeCle]" is only
interacting very weakly with {Ag(PPh3)}+ in solution. This observation is supported
 ^1 1by the large Ag-P coupling constant observed in the P{ H} NMR spectrum of XIII 
[816.80, dd, I P ,  « / ( A g P ) average = 770 Hz]. This is the largest A g - P  coupling constant 
found for compounds X-XIII indicating that, in solution, XIII has the strongest Ag-P 
bond.
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Comparisons between compounds X-XIII
The solid state and solution properties of compounds X-XIII are summarised in Table 
4.9. The strength of the Ag-P bond in these compounds is an indication to the degree 
of Lewis acidity of the silver, and thus can be used as a guide to the relative
Com pound
31P{1H} NMR Spectroscopy 
8 ^(AgP)average
Ag-P bond distance
AgfPPhaXCBuHw), X 18.70(18.06) 743 (738) Hz 2.3625(7) A
Ag(PPh3)(CB11H11Br)l XI 16.85 621 Hz 2.39* A
AgfPPhaXCBnHeBre), XII 16.52 (23.47) 715(732) Hz 2.4032(3) A
AgfPPhaXCBuHeCle), XIII 16.80
• _______ 1 r________3
770 Hz
i n f i L J i  / - n u A P .  T
2.314(2) A (XHIA) 
2.482(2) A (XIIIB)
Values in parenthesis obtained from 'J1P{1H} CPMAS;T average of values 
Table 4.9: Comparative solution and solid state values for complexes X-XHI
coordinating ability of the carborane anions. The strength of the Ag-P bond can be 
measured in the solid state by Ag-P bond distances, and in solution by the magnitude 
of the Ag-P coupling constant in the 31P{1H} NMR spectrum. However, the solid state 
structures of X-XIII show a variety of intermolecular interactions that generate 
different extended solid state structures precluding the accurate use of the Ag-P bond 
lengths as a guide to the coordinating ability of the anion in these compounds. 
However, the majority of these intermolecular interactions are unlikely to persist in 
solution, where discrete monomers (apart from XI) are suggested by the NMR 
spectroscopic data. Therefore the strength of the Ag-P bond in solution can be used to 
measure the Lewis acidity, and hence coordinating ability of the carborane anions in 
this system. The silver phosphine coupling constants suggest the Lewis acidity of the 
complexes increases in the order XI < XII < X < XIII, implying the coordinating
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ability of the anions decreases in the order [c/oso-CBnHnBr]' > [c/aso-CBnH6Br6]‘ > 
[c/aso-CBiiHi2]' > [c/o^o-CBnHeCy. The assignment of [c/oso-CBnHu]’ as less 
coordinating than [c/oso-CBnHgBre]’ is surprising given the previous ranking scheme 
developed in chapter 3 and the results of catalytic studies using these compounds, 
discussed later, that suggests [closo-CB \ \ H6Br6]' is more weakly coordinating than 
[closo-CB11H12]'. In this case, the reversal from the expected is probably a 
consequence of the minimal steric interactions in the {Ag(PPh3)}+ fragment in XII 
allowing a closer approach, and hence stronger coordination of the bulky [closo- 
CBnH6Br6]' anion compared to other systems. Evidence of the large steric bulk of 
[closo-CB\iH6Br6]’ can still be seen in this system, with distortion of the phenyl ring 
geometry in the solid state structure of XII.
The comparatively low Ag-P coupling constant for XI is a consequence of its dimeric 
configuration and sp2-hybridisation of silver in solution. By adopting this 
configuration the [c/aso-CBnHnBr]' anion is making two Br-Ag bonds, as opposed to 
the one Ag-Br and two B-H-Ag interactions it would make if it adopted a monomeric 
configuration. This suggests that an Ag-Br interaction is favoured over Ag-H-B in this 
instance.
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4.2.2 Synthesis and Characterisation of [Ag(PPh3)2(CBnHi2)] and 
[Ag(PPh3)2(CB„H6Br6)]
In order to try and generate more silver(I) phosphine species for comparison in 
catalysis (discussed later) the bis-phosphine analogues of X and XII were synthesised. 
Addition of two equivalents of PPh3 to Ag(CBnHi2) or Ag(CBnH6Br6) in CH2CI2 
yields [Ag(PPh3)2(CBnHi2)] (compound XTV) and [Ag(PPh3)2(CBnH6Br6)] 
(compound XV) as colourless solids. The compounds were characterised by elemental 
analysis and multinuclear NMR spectroscopy. Crystals suitable for an X-ray 
diffraction study were grown by slow diffusion of hexanes into saturated CH2CI2 
solutions of the compounds. The discussion of the data for each compound is 
presented next.
[Ag(PPh3)2(CB11H12)], Compound X IV
The solid state structure of compound XIV is displayed in Figure 4.16 with selected 
bond lengths and angles given in Table 4.10. The coordination geometry about each 
silver atom is that of a distorted tetrahedron, with bonds to two triphenylphosphine 
ligands and two cage B-H vertices. Two [c/cwo-CBuHu]’ anions bridge two 
{Ag(PPh3)2}+ fragments resulting in the formation of a dimeric, centrosymmetric 
[Ag(PPh3)2(CBiiH12) ] 2  unit. The positions of the bridging hydrogens [H(7) and 
H(12)] were located in the electron difference map and freely refined. Each cage is 
bonded through one long [B(7)-Ag(l), 3.494(2) A; H(7)-Ag(l), 2.51(2) A] and one
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Ag(i)-P(i) 2 . 4 6 9 8 ( 3 )  A
A g ( i ) - P ( 2 ) 2 . 4 7 4 1 ( 3 )  A
A g ( 1 ) - B ( 7 ) 3 . 4 9 4 ( 2 )  A
A g ( 1 ) - B ( 1 2 ) ’ 2 . 8 9 2 ( 2 )  A
A g (1  ) -H (7 ) 2 . 5 1 ( 2 ) A
A g ( 1 ) -H (1 2 ) ' 2 . 1 7 ( 2 )  A
P ( 1 ) - A g ( 1 ) - P ( 2 ) 1 3 0 .9 0 ( 1 ) °
B (7 ) - A g ( 1 ) - B ( 1 2 ) ' 7 2 .4 ( 6 ) °
B ( 7 ) - H ( 7 ) - A g ( 1 ) 1 4 5 ( 1 ) °
B ( 1 2 ) ' - H ( 1 2 ) ’-A g ( 1 )  1 1 9 ( 1 ) °
Table 4.10: Selected bond lengths and 
angles for compound XIV
short [B(12)’—Ag(l), 2.892(2) A; H(12)-Ag(l), 2.17(2) A] interaction to silver. The 
bonding mode of the [closo-CBuHn]' anion to two different silver centres by 
interactions from the B(12) and B(7) vertices is similar to that seen in the extended 
solid state structure of [MoCp(CO)3l*Ag(CBnHi2 ) ]2  (compound II).[26,27] The cage- 
silver bond lengths in II [B(7)-Ag(l) 2.66(1)A; H(7)-Ag(l) 1.97A; B(12)-Ag(l) 
3.00(1)A; H(12)-Ag(l) 1.97A] and [Ag(CBnHi2)][3] (average values: B-Ag, 2.63 A; 
H-Ag 1.97 A) are considerably shorter than found for XIV suggesting [closo- 
CB11H12]' is interacting more weakly with silver in XIV. As expected on moving to 
two triphenylphosphine ligands the Ag-P bond distances are longer in XIV [Ag(l)- 
P(l), 2.4698(3) A; Ag(l)-P(2), 2.4741(3) A] compared to X, being similar in length to 
those of [AgCl(PPh3) 2 ]2  [2.467(2) A and 2.472(2) A].[28] The P(l)-Ag(l)-P(2) bond 
angle of 130.90(1)° is very similar to that observed in the related compound 
[Ag(PPh3)2(HS0 4 )].H2 0  t29] [130.48(3) A] which also contains a four coordinate 
silver atom.
In solution, the [closo-CBuYiu]' anion in XTV only interacts very weakly with silver 
as shown by inspection of the "B^H} NMR spectrum. This displays three peaks at 8 
-8.4 (IB), 8 -13.9 (5B) and 8 -15.9 (5B) which are of a similar chemical shift to that 
found in the 11B{1H} NMR spectrum of [NBuJtCBnH^] (CD2CI2), which contains 
no anion-metal interactions. This is in sharp contrast to complex X for which 
significant silver-anion interactions are thought to persist in solution, evidenced by the 
large upfield shift of the boron resonances B(12) and B(7-ll). This difference in n B 
chemical shift between bonding and non-bonding modes of [c/aso-CBnHn]’ is best 
displayed in Figure 4.17. This data demonstrates that the cage anion in XIV is more 
like ‘free* [closo-CB11H12]’ in solution and not interacting significantly with the
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{Ag(PPh3)2}+ fragment, supporting the weak Ag---{HB} interactions observed in the 
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Figure 17: llB{'H} NMR chemical shift diagram for Ag(CBnHi2) (dfi-acetone), 
X (CD2C12) and XIV (CD2C12)
Previously, low temperature 31P NMR spectroscopy has been used to demonstrate that 
silver-phosphine compounds of general formula [Ag2 P3X2], [AgP2X] and [AgP3X] 
undergo dynamic exchange processes that result in a mixture of phosphine 
disproportionation products or isomeric species in solution.130'331 The identity of these 
species in solution can be elucidated from the correlation between the coordination 
environment around silver and the magnitude of the Ag-P coupling constant.t10,111 The 
31P{'H} NMR spectrum of XIV at room temperature consists o f a broad singlet at 
8 14.8, a consequence o f rapid ligand exchange that is commonly seen in the room 
temperature 31P{1H} NMR spectra of [Ag(PPh3)2 L2] complexes.133, 341 Cooling the 
sample to 0°C results in the formation of two broad singlets at 8 15.4 and 8 13.2. 
These peaks sharpen into two sets of doublets at -60°C centred at 8 13.7 [/(AgP) =
155
333 Hz] and 8 13.6 [ J ( A g P ) a v e r a g e = 519 Hz] of approximately equal intensity, but 
coupling to 107Ag-P and 109Ag-P is only resolved for the latter resonance. The 
coupling constant of 519 Hz is of the order found for sp-hybridised [P2 Ag][X] type 
compounds such as [(PPh3)2Ag][N03]1351 [./(AgP) = 500 Hz], [(PPh3)2Ag][BF4]t191 
[./(AgP) = 530 Hz] and [{P(mesityl)3}2Ag][PF6]1361 [J(AgP) = 552 Hz], Thus, this 
species is assigned as [Ph3 P-Ag-PPh3][CBnHi2 ], in which the silver is sp hybridised 
and the phosphine ligands arranged nearly trans to one another (Figure 4.17). The 
second species observed at 8 13.7 with an Ag-P coupling constant of 333 Hz is 
tentatively assigned to be the dimeric species observed in the solid state structure of 
XIV. The coupling constant for this species is slightly lower than typically found for 
sp3-hybridised [P2 AgX] [X = bidentate monoanion, eg. NO3 ] species ca. 400 Hz,fl0] 
but is greater than the silver-phosphine coupling constant of ca. 280 Hz assigned for 
the four coordinate sp3-hybridised configuration of [Ag(PPh3)2 (triazole)].[31] In 
support of this assignment, the dimerisation of [Ag(PPh3 )2 (C1 0 4 )] in solution is 




^ ( A g P )a v e r a g e  333 Hz 519 Hz
Molar ratio 1 1
Figure 4.17: Suggested solution configurations of XIV at low temperature
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The 31P{1H} CPMAS spectrum of XIV is complicated, showing at least two species, 
but peaks from one of the species can be resolved. This species consists of two sets of 
doublet of doublets, arising from inequivalent phosphorus atoms coupling to silver 
(107Ag and 109Ag coupling unresolved) and phosphorus. The two peaks are centred on 
5 16.7 [dd, \/(AgP) = 485 Hz, V(PP) = 131 Hz] and 5 5.5 [dd, V(AgP) = 456 Hz, 
V(PP) = 129 Hz]. This is tentatively assigned as the sp-hybridised species 
[Ag(PPh3)2][CBnHi2], based upon the large Ag-P coupling constants observed. There 
is at least one other species present in the 31P{!H} CPMAS spectrum, although it is 
unresolvable under the strong signals from the inequivalent phosphorous atoms in the 
first species.
[Ag(PPh3)2(CB11H6Br6)], CompoundXV
The solid state structure of [Ag(PPh3)2(CBnH6Br6)], XV, is displayed in Figure 4.18 
with relevant bond lengths and angles given in Table 4.11. This shows a discrete 
molecule containing a four coordinate silver atom, with distorted tetrahedral 
geometry, bound to two PPI13 ligands and a [CBnHeBre]' anion. The carborane anion 
is bound to silver in an r| -fashion through two unequal bonds [Br(7)-Ag(l), 
3.0477(9) A; Br(8 )-Ag(l), 2.8484(9) A] from bromines on its lower pentagonal belt. 
The bonding of the cage through the bromines of the lower pentagonal belt and not 
the sterically least accessible antipodal bromine [Br(12)], also seen in 
[Fe(TPP)(CBi iH6Br6)],[38] is perhaps to minimise any steric interactions between the 
anion and triphenylphosphine ligands. The Br-Ag bond distances are at the longer end
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B ( 1 0)A g ( i )
B (1 2 )
B r (1 2)
Br(10)
Figure 4.18: Crystal structure of [Ag(PPh3)2(CBuH6Br6)], XV 
(phenyl hydrogens omitted for clartity; ellipsoids drawn at 30% probability level)
Ag(i)-P(i) 2 .448(2) A
A g(l)-P (2 ) 2 .451(2) A
Ag(1)-Br(7) 3 .0477(9) A









Table 4.11: Selected bond lengths and 
angles for compound XV
of the scale typically found for silver compounds of [c/osoCBnHyBre]’ [e.g. 
Ag(CBnH6Br6) average Ag-Br distance 2.86A]f5J implying weak coordination of the 
carborane anion in XV. The tetrahedral coordination environment for silver in both 
XIV and XV should allow direct comparison of the relative coordinating abilities of 
[C/0 J0 -CB11H12]’ and [closo-CBuReBT6Y by inspection of the phosphine bond lengths 
and angles. Previous studies on bis-phosphine silver© systems have shown that as the 
nucleophilicity of the anion decreases, the Ag-P bond distances decrease and P-Ag-P 
bond angle increases.[35, 39] The Ag-P distances in XV [Ag(l)-P(l), 2.448(2) A; 
Ag(l)-P(2), 2.451(2) A] are shorter than found in XIV and suggest [closo- 
CBnH6Br6]‘ to be more weakly coordinating than [c/oso-CBnHn]". Conversely, the 
P(l)-Ag(l)-P(2) angle for XV [120.43(6)°] is less than in XIV [130.90(1)°] that 
reverses the ranking suggested by inspection of the bond lengths. However, the 
influence that the steric bulk of these anions must place on the metal’s ligand set 
geometry in comparison to the smaller anions used in the previous studies [(NO3)', 
( C I O 4 )* and Cl'] perhaps precludes the use of the P-Ag-P bond angles as a measure of 
the coordinating ability for larger anions. This is supported by consideration of the 
dimeric [Ag(PPh3)2Br]2 .2 CHCl3 [40] species which contains Ag-P bond lengths of 
2.509(2) A and 2.482(2) A, that are, as expected, considerably longer than found in 
XV, but has a P-Ag-P angle of 120.15(6)° very similar to XV. Hence the solid state 
structures of XV and XIV suggest that [c/oso-CBi iHeB^]’ is more weakly 
coordinating than [c/osoCBnHn]’ to the (Ag(PPh3)2 }+ fragment. This is a reversal of 
the ranking indicated by the monophosphine silver species, likely a consequence of 
the increased steric bulk around silver affecting the coordinating ability of the larger 
[c/os0 -CB1 iH6Br6]" anion more than [c/oyo-CBnHn]’.
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The 1H {UB} NMR spectrum of XV shows a 2:1 ratio of phosphine to cage, with no 
resonances observed to high field. The 11B {1H} NMR spectrum consists of three 
peaks at 5 -4.6 (IB), 6 -10.1 (5B) and 5 -20.5 (5B) demonstrating the Csv symmetry of 
[c/os<9-CBiiH6Br6]' in solution. The 31P {!H} NMR spectrum at room temperature 
displays a broad singlet at 8 12.9, showing that the phosphine ligands are undergoing 
a rapid exchange process. As seen for compound XIV, this exchange process can be 
‘frozen’ at low temperature with the 31P {1H} NMR spectrum at -40°C showing two 
species in solution with peaks centred at 8 11.9 [J(AgP)average = 344 Hz] and 8 11.8 
[y(AgP)average = 505 Hz] with intensities in a ratio of 1 : 10 respectively. The coupling 
constant of these two species are similar to those observed for the two species present 
in the low temperature 31P {1H} NMR spectrum of XIV (333 and 519 Hz). They are 
therefore correspondingly assigned as the sp-hybridised [Ag(PPh3 )2 ][CBuH 6 Br6 ] (8 
11.8) ion pair and the sp3 hybridised [Ag(PPh3 )2 (CBnH 6 Br6 )] (8 11.7) (Figure 4.19) 
species that was observed in the solid state structure of XV. Unfortunately, the 
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Figure 4.19: Suggested solution configurations for XV
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4.2.3 Evaluation of the Performance of X, XII, XIV, XV in Catalysis
Silver(I) salts, such as Ag(BF4), Ag(C104), Ag(BF4) and Ag(OTf), are receiving 
increased attention as promoters in organic transformations. They are employed as 
catalysts in reactions such as cycloadditions and Diels-Alder reactions, which take 
advantage of silver’s affinity for C-C unsaturated bonds and halogen groups rather 
than oxygen functional groups/411 Of particular note are silver(I) BINAP [(1,1’- 
binaphthalene)-2,2’-diylbis(diphenylphosphane)] compounds that have been used as 
asymmetric catalysts in Mukaiyama aldol reactions/421 and hetero-Diels-Alder 
reactions/431 These reactions are also accelerated by other Lewis acids (eg. Ti, B, Al, 
and Sn complexes), but they are typically sensitive to water, air and product 
inhibition, which forces high catalyst loadings to be employed. Complexes X, XII, 
XIV and XV show reasonable stability in air, and it was hoped that the weakly 
coordinating anions they contain would reveal increased activity for these compounds 
over more traditional counterions. Hence, the performance of these compounds in a 
hetero-Diels-Alder reaction of A-benzylideneanaline with Danishefsky’s diene 
(Scheme 4.1) was assessed alongside analogous catalytic species containing more 
commonly used counterions, such as [C104]‘, [BF4]* and [OTf]\ The results o f this 
study are presented next.
t m s c T
OMe
Ph.
N Catalyst (0.1 to 1 mol%)^
.■Aph H20  (ca. 50 mol%) CH2CI2
OMe
TMSO
Compound X V I  
(not isolated)
j ^ N " Ph
O ' ^ ' P U  
Compound X V II
Scheme 4.1: Reaction between N-benzylideneaniline and Danishefsky’s diene
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Initial studies of the reaction were performed by Catherine Hague (Univeristy of 
Bath) under bench top conditions with a catalyst loading of only 1 mol%, 
considerably lower than the 10 mol% commonly employed for similar reactions.[44] 
The results (Table 4.12) showed that the catalysts efficiently converted the reactants 
to product (XVII) after 1 hour of reaction under these conditions. A counter ion effect 
was observed, v/ith the activity of compounds X and XII comparable to 
[Ag(PPh3 )(C1 0 4 )], but significantly more active than the [Ag(PPh3)(OTf)] and 
[Ag(PPh3)(BF4)] catalysts. Importantly, a control reaction with no catalyst yielded 
only trace amounts (<5%) of product (XVII) after 24 hours of reaction.






[AgfPPh-O X C BuH ^l.X IV 99
[A ^ P P h ^ C B u H eB re)], XV 85
No catalyst <5
Table 4.12: Yields of compound XVII after 60 minutes reaction and workup. Catalyst (1 mol%); imine
(1.1 mmol), Danishefsky’s diene (1.65 mmol).
These results prompted a *H NMR study of the reactions in order to elucidate 
counterion/activity (compounds X and XII) and structure/activity (compounds XIV  
and XV) relationships using the silver(I) phosphine carborane compounds 
characterised previously in this chapter. As the reaction proceeded very quickly on the 
bench at 1 mol% catalyst loading (complete conversion for X, XII, and XIV in one 
hour), the catalyst loading was dropped to 0.1 mol% in the reaction monitoring 
experiments in the hope of better quantifying the differences between the rates of
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reaction for each catalyst. Samples for study were prepared in NMR tubes by 
dissolving the relevant quantities of catalyst and N-benzylideneaniline in CD2CI2 
before charging with Danishefsky’s diene and taking *H NMR measurements at timed 
intervals (see experimental section). The initial studies, using rigorously dried NMR 
solvents (CD2CI2 distilled over CaH2), surprisingly showed no reaction after 2 hours. 
It was found that addition of a substoichiometric amount of water (lfiL, ca. 50 mol%, 
unoptimised) was required for the reaction to proceed.
The surprise discovery that water was needed for the reaction to proceed implies that 
it is needed in some way as a proton source in the reaction. This was confirmed by the 
following control experiments. Addition of just water and no catalyst to the imine and 
diene affords no product, while under the conditions used for catalysis addition of the 
hindered base 2,6-di-/ert-butyl-4-methylpyridene suppressed the reaction. Overall, 
this suggests it is an example of a water accelerated Lewis acid catalysed reaction, 
examples of which are receiving increasing attention in the literature,1[45] while that the 
rates of some Diels-Alder reactions can be significantly accelerated by addition of 
water has been reported previously.1[46] Some recent theoretical studies have shown 
that the water molecules stabilise the transition state species reducing the activation 
energy for these reactions.147,48* Of particular relevance to this work is the observation 
of modest yield enhancements on addition of stoichiometric amounts of water to a 
hetero Diels-Alder reaction catalysed by lanthanide 
trifluoromethanesulfonylamides.*49] In the system under study here, it is likely that a 
polarised silver bound water molecule acts as a Lewis acid assisted Bronsted acid,[50] 
similar to that seen in lanthanide salt catalysed aromatic electrophilic substitutions.*511 
This has been confirmed by DFT calculations performed by Dr Gus Ruggerio
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(University of Bath), the results of which are displayed in Figure 4.20. The Lewis 
assisted Bronsted acid {Ag(PPh3)(OH2 )}+ catalyses the reaction by interacting with 
the lone pair of the imine, reducing the electron density of the C=N 7t-bond (Figure
4.21). This activates the imine toward reaction with the diene by lowering the energy 
of the lowest unoccupied molecular orbital (LUMO) on the imine, which enhances the 
mixing with the highest occupied molecular orbital (HOMO) of the diene, thus 
accelerating the rate of reaction.[47] The difference between the catalysed and 
uncatalysed transition state energy of 12 kJmol'1 is thought to be significant in this 
instance.
No catalyst
12 kJmof1 ^  y



















Figure 4.21: Lewis acid assisted Bronsted acid activation of 7V-benzylideneanaline
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Silver monophosphine species containing [BF4]', [OTf]' and [CIO4]' were included in 
the study along with compounds X, XII, XTV, XV for comparison. All of the 
reactions monitored by lH NMR spectroscopy were carried out at 0.1 mol% catalyst 
loading with 50 mol% added water in CD2CI2 solutions. The diene was added in a 1.5 
molar excess to the imine as the water present in the reaction hydrolyses it in a 
competing reaction, although no evidence for hydrolysis of the imine to benzaldehyde 
was observed under the conditions used. The final products in the NMR tube were 
consistently intermediate (XVI, Scheme 1) and product (XVII) in an approximate 
ratio of 90:10 respectively. Workup of the NMR sample gives only product XVII, and 
the intermediate XVI was not isolated. Selected peaks due to imine, intermediate and 
final product were used to monitor the reaction.
The results of the !H NMR experiments are displayed in Figure 4.22 as the rate of 
product formation for catalysts X, XI, XIV and XV and related species against time. 
Other similar catalytic species were included in this study for counterion comparisons, 
the results of which are also included in Figure 4.22. The consumption of imine for 
each run followed the same time dependent profile (although inversed). Previous 
attempts at the hetero Diels-Alder synthesis of XVII include the use of Yb(OTf)3 
catalyst (10 mol% catalyst loading, 20 hours, 93% yield)[52] and the solid acid catalyst 
Nafion-H (10 hours, 72% yield).[53] Hence the results indicate that the majority of 
silver phosphine species tested are extremely efficient catalysts for this reaction, 
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Figure 4.22: Relative rates of reaction between N-benzylideneaniline and Danishefsky’s diene using 
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Figure 4.23: Turnover frequencies of catalysts in the reaction between N-benzylideneaniline and
Danishefsky’s diene
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The results from monitoring the reaction by ]H NMR spectroscopy can be converted 
to give turnover frequencies (TOF) for each catalyst (Figure 4.23). It is clear from 
these results that a counterion effect for the silver monophosphine [Ag(PPh3)(X)] (X 
= weakly coordinating anion) catalysts exists. It was encouraging to note compound 
XII gives by far the largest TOF (4000 hour'1) followed by compound X (TOF = 1500 
hour'1). Catalysts [Ag(PPh3)(OTf)] and [Ag(PPh3)(C1 0 4 )] have similar turnover 
frequencies, but [Ag(PPh3)(BF4)] has surprisingly low reactivity. Close inspection of 
the reaction profile for [Ag(PPh3)(BF4)] shows it is initially active, but ceases to 
function after the first few minutes of reaction suggesting ‘poisoning’ of the catalytic 
species. This could be due to hydrolysis of the [BF4]* anion under reaction conditions 
(0.1 mol% catalyst, 50 mol% H2O), which has been observed previously for a number 
of its compounds.^54' 561 Another possibility is decomposition of the catalyst in a 
manner similar to that previously seen for [(P-P)Ag(BF4)][39] (P-P = bis-chelating 
phosphine) which yields [(P-P)Ag(p-F)Ag(P-P)] [BF4] .[57] Unfortunately, the 
extremely low catalyst concentrations used preclude characterisation of the catalysts 
after they have been used in the reaction.
The higher Ag-P coupling constant of X (743 Hz) compared to XII (715 Hz) in the 
solution 31P{]H} NMR spectra of these compounds indicates that X is a more Lewis 
acidic species. It is therefore surprising to note that the most catalytically active of 
these two compounds is complex XII. One possible explanation for this observation 
could be that the more bulky [c/asoCBnH6Br6]' anion is less capable than [closo- 
CB11H12]' at interacting with the cationic silver atom in the reactant complex (Figure
4.21) and competing with the diene for silver coordination.
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The reduced catalytic activity of the bis-phosphine compounds compared to their 
monophosphine analogues is perhaps expected, given the reduced Lewis activity of 
the silver and the increased steric bulk hindering the binding of the substrate. What is 
unexpected however, is the reversal of the counterion effect seen in the 
monophosphine catalysts where the [closo-CB \ \ H^B^]' catalyst (XII) is more 
efficient than its [closo-CBuHn] (X) analogue. That compound XIV [{closo- 
CB11H12)'] is in fact a better catalyst than XV [(c/oso-CBnHeBre)’] suggests that the 
silver is more available for substrate binding in XIV compared to XV, although there 
is currently insufficient data to be able to explain this observation.
Polymer supported catalysts are being increasingly studied in synthetic organic 
chemistry as they are easy to separate from the reaction products and are recyclable 
making the catalysts cleaner and more efficient.[58J However, the incorporation of 
catalyst onto the polymers is often a multistep synthesis. Given that polymer 
supported triphenylphosphine is one of the most commonly used resins, it was of 
interest to see if the silver phosphine catalysts used for homogenous catalysis would 
be effective in heterogenous catalysis. The polymer bound analogues of X, XII and 
[Ag(OTf)(PPh3)] were readily prepared by stirring a suspension of a commercially 
available triphenylphosphine resin and [Ag(X)] [X = (CB11H12)', (CBnHeBre)’ and 
(OTf)’] in CH2CI2 . All three resins were tested under bench top conditions for their 
efficiency in the hetero-Diels-Alder reaction between A-benzylideneanaline and 
Danishefsky’s diene. The reactions were run for 1 hour, with a catalyst loading of ca. 
10 mol%, and 10 mol% of added water. All three catalysts were shown to give 
repeatable high yields (> 95%) over at least three runs using the same polymer bound 
catalyst (Figure 4.24). Moreover, low leaching levels (0.3% Ag, by AAS) were
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determined and the supernatant from freshly prepared and filtered supported catalyst 
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(•-PPh2)Ag(CBI1H 12) (#-PPh2)Ag(CBuH6Br6) (#-PPha)Ag(OTf)
Figure 4.24: Isolated product yields for polymer supported catalysts
In agreement with the observations made in the *H NMR spectroscopy monitored 
reactions, the supported catalysts display a significant dependance on the presence of 
water. If no water is added then the polymer supported catalyst performance drops off 
rapidly on the second and third runs. However, the relatively high catalyst 
concentrations used in these experiments prevent the observation of any counter ion 
effects.
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4.2.4 Summary for Silver(I) Phosphine Compounds
Silver monophosphine carboranes of general formula [Ag(PPh3)x(Y)] [x = 1 or 2; Y = 
(c/o5<9-CBiiHi2)‘, (c/oso-CBnHiiBr)', (c/oso-CBnHeBre)’, (c/osoCBuHeCle)’] have 
been synthesised and characterised both in the solid state and in solution. The crystal 
structures of these compounds display a number of interesting intermolecular
*ii 1
interactions, resulting in dimerisation or formation of coordination polymers. P{ H} 
NMR spectroscopy has been used to probe solution configurations, which for the 
silver mono-phosphines (X, XI, XII, XIII) are thought to be broadly similar to the 
solid state. At low temperature, the silver bis-phosphine compounds (XIV, XV) show 
a number of species in solution, tentatively assigned as sp- and sp -hybridisation 
isomers.
Two ranking schemes for the coordinating ability of the carborane anions were 
developed using metrical data from X-ray structure determinations, and Ag-P 
coupling constants in solution. One of these schemes used the {Ag(PPh3)}+ cation, 
that is likely to have minimal anion - cation steric interactions, and the other a more 
sterically demanding bis-phosphine silver cation, {Ag(PPh3)2 }+. Interestingly, the 
relative coordinating abilities of the carborane anions are thought to be [closo- 
CB11H12]’ < [c/oso-CBnHgBrg]' in the mono-phosphine silver species (X, XII), but 
are reversed in the bis-phosphine silver species (XIV, XV) with [c/oso-CBuHeBre]’ < 
[c/ojo-CBhHi2]'. This is proposed to be due to greater steric interactions of [closo- 
CBnH6Br6]’ with two phosphines as opposed to one.
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The silver(I) phosphine carborane species showed very high activity as Lewis acid 
catalysts in a hetero Diels-Alder reaction. It was pleasing to observe the catalysts 
containing carborane anions gave the best activities under benchtop conditions. The 
monitoring of the reaction by lH NMR spectroscopy allowed differences in the rates 
of reaction between different catalysts to be observed. The study shows the activity of 
Lewis acidic {Ag(PPh3)}+ fragment when partnered with the following counterions 
increases in the order [BF4]' < [CIO4]’ ~  [OTf]' < [c/aso-CBuHn]' < [closo- 
CBnH6Br6]'. This reactivity ranking apparently contradicts the suggested relative 
coordinating abilities of [c/oso-CBnHn]’ and [c/oso-CBnTLB^]' in X and XII. What 
this suggests is that a ranking scale of anion coordinating ability based on 
thermodynamic parameters (e.g. bond lengths, coupling constants and chemical shifts) 
is not completely satisfactory when considering their kinetic behaviour (e.g. catalysis 
and transition states). In support of this, the compound [Ag(PPh3)(OTf)] has a Ag-P 
average coupling constant of 803 Hz (CDCI3), larger than any observed for 
compounds X-XIII and suggesting it contains the most Lewis acidic silver fragment, 
but it is a significantly poorer catalyst than X or XII (Figures 4.22 and 4.23). Hence, 
the relative ranking of [closo-CB11H12]’ and [c/oso-CBnH6Br6]’ using Ag-P coupling 
constants or bond lengths (thermodynamic) can be different to that suggested by their 
catalytic activity (kinetic) and a ranking scheme derived from spectroscopic data 
cannot necessarily be treated as the definitive reactivity scale.
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4.2.5 Synthesis and Characterisation of [Ag2(C BnH i2)4][Ag(IMes)2]2
Having synthesised a range of silver phosphine carborane compounds it was of 
interest to see if  this chemistry could be developed further to incorporate other neutral 
2-electron donor ligands such as TV-heterocyclic carbenes. Perhaps the most famous 
example of TV-heterocyclic carbene substitution comes from the replacement of one of 
the phosphine ligands on Grubb’s catalyst [Ru(=CHPh)(PCy3 )2Cl2] to give 
[Ru(=CHPh)(PCy3 )(IMes)Cl2] (IMes = l,3-dimesitylimidazol-2-ylidene) which has 
both increased thermal stability and greater reactivity than the bis-phosphine 
analogue.[59] Described next is the attempted synthesis of [Ag(IMes)(CBnHi2)] (the 
carbene analogue o f compound X), which was unsuccessful but resulted in the 
exclusive formation o f an unanticipated, but nonetheless interesting, compound.
The treatment of [Ag(CBnHi2] with one equivalent of IMes (l,3-dimesitylimidazol-2- 
ylidene) dissolved in toluene results in the formation of a colourless solution, that 
upon cooling affords colourless crystals. These crystals were characterised by 
elemental analysis, NMR spectroscopy and X-ray crystallography and shown to be 
[Ag(EMes)2]2[Ag2(CBnHi2)4], compound XVIII (Figure 4.25).
A 0 <2)
A q (1) Afl(2)' Afl(1)’
Figure 4.25: Crystal stucture of compound XVIII with all the disorder components included. One half 
of the molecule is symmetry generated from the other.
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The asymmetric unit of XVIII consists of a cationic [Ag(EMes)2 ]+ fragment and an 
anionic [Ag(CBnHi2 )2 ]’ fragment. The cationic {Ag(IMes)2 }+ fragment is displayed 
in more detail in Figure 4.26, with relevant bond lengths and angles in Table 4.13. 
The silver-carbon bond lengths are crystallographically identical [Ag(l)-C(1A), 
2.070(5) A; Ag(l)-C(22), 2.069(6)A] and equivalent in length to those seen in the 
related compound [Ag(IMes)2 ][CF3 S0 3 ] t6 0 1  [Ag-C = 2.067(4)A and 2.078(4) A) 
which contains a compositionally identical cationic portion. The C(1A)-Ag(l)-C(22) 
bond angle of 174.3(2)° shows the carbene ligands are essentially bonded linear to one 
another around the silver atom, a feature mirrored in [Ag(IMes)2 ][CF3 SC>3 ] [C-Ag-C = 
176.3(2)°]. The only major difference between the cationic portions of compound 
XVIII and [Ag(EMes)2 ][CF3 SC>3 ] is the orientation of the two imidazole rings, which 
are twisted from coplanarity by 59.1° and 39.7° respectively (Figure 4.27). This 
difference is a reflection of the different packing forces imposed by the different 




Figure 4.27: Diagram highlighting the difference in orientation of imidazole rings for XVIII and 
[Ag(IMes)2][CF3S 03] in the solid state (only ipso carbons of mesityl groups shown for clarity)
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Table 4.13: Selected bond lengths and 
angles for cationic portion of XVIII
The anionic fragment of compound XVIII contains another silver atom, but now 
interacting with two carboranes, one of which is disordered evenly (50 : 50) over two 
sites between positions B(21) to B(32) and B(41) to B(52). Inspection of the packing 
diagram reveals this anion is lying close to a centre of inversion within the crystal 
lattice, which symmetry generates another half to the anionic fragment and one more 
[Ag(rMes)2]+ fragment (Figure 4.25). Thus the anionic component of XVIII consists 
of two disordered carborane molecules bridging two silver atoms that are appended by 
two terminal carboranes having an empirical formula (Ag2 (CBnHi2 )4 }2\  displayed in 
Figure 4.28 with pertinent bond lengths in Table 4.14. The disorder of the bridging 
carborane precluded the assignment of the carbon atom within the bridging carborane 
cage, hence all atoms therein were refined as boron atoms. The coordination geometry 
around each silver atom is best described as distorted trigonal prismatic (Figure 4.29), 
with each disordered component within the lattice containing four longer and two 
shorter B-H interactions to silver.
Figure 4.29: Diagram showing the coordination environment around one of the silver atoms in one 
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Figure 4.28: Anionic portion of compound XVIII showing one of the disordered components 





















Table 4.14: Selected bond lengths 
and angles for the anionic portion 
of XVIII
The shorter {B-H}—Ag interactions vary in distance from 1.96 to 2.23 A (Ag-H) and 
2.59 to 2.79 A (Ag-B). The longer interactions are in the range 2.35 to 2.52 A (Ag-H) 
and 2.84 to 2.94 A (Ag-B). These Ag-B distances are shorter than those found in 
[Ag(CBnHi2)].2 (C6H6) [2.681(5) A and 2.581(6) A]. They can also be compared to 
those found in compounds X [2.504(3) to 2.619(3) A] and XTV [2.892(2) to 3.494(2) 
A], where strong Ag-B interactions are suggested in the former but not the latter 
compound. Overall, this suggests that the carborane cages are interacting significantly 
with the silver atoms in XVIII, a conclusion supported by the solution NMR spectra 
discussed next.
The !H and 13C NMR spectra display all the correct resonances associated with the 
carbene ligands. However, NMR spectroscopy cannot be used to draw conclusions as 
to whether or not the {Ag2(CBnHi2)4 }2' fragment observed in the solid state remains 
wholly intact in solution. The UB NMR spectrum, a valuable tool in elucidation of the 
solution structure of carborane species, does offer some clues to the extent of cage 
interaction with silver. The "B^H} NMR spectrum of compound XVIII consists of 
just one [c/ow-CBiiHi2]' species in solution, with two peaks observed at 6 -12.4 [IB, 
B(12)] and 5 -15.7 [5B + 5B coincidence, B(7-ll) and B(2-6)] that indicates Csv 
symmetry of carborane anions that are undergoing a fast exchange process. The 
resonances associated with B(12) and B(7-ll) in XVIII are shifted significantly 
upfield when compared to the nB NMR spectrum of [NB114HCB11H12] in CD2CI2 
which displays peaks at 6 -8.0 [IB, B(12)], 6 -14.1 [5B, B(7-ll)] and 8 -16.9 [5B, 
B(2-6)]. The chemical shifts for [NBu4 ][CBnHi2] are similar to those observed in the 
nB NMR spectrum of [Ag(CBnHi2)] recorded in d6-acetone, a solvent in which any 
ion pairs are expected to be well separated (ie. no metal-cage interactions present).
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Conversely, if the NMR spectrum of [Ag(CBnHi2)] is measured using
CD2 CI2  (a solvent in which it is not very soluble so not often used), just two 
resonances are observed at 8 - 11.9 [IB, B(12)] and 8 -15.0 [5B + 5B coincidence, 
B (7-ll) and B(2-6)] similar to that seen for XVIII, and also shifted downfield from 
the corresponding spectrum recorded in acetone, indicating the silver atom is 
interacting with the cage in this solvent. The changes in chemical shifts with 
compound and solvent are summarised in Figure 4.30.
The similarity between the n B NMR spectrum of [Ag(CBuH]2 )] measured in CD2 CI2  
and the n B NMR spectrum of XVIII implies that the strong {B-H}*-Ag interactions 
observed in the solid state structure of XVIII persist in solution around the antipodal 
and lower pentagonal belt borons of the cage. These observations have been 





{Ag2(CBnH 12)4}2\  (XVIII)
-5 -10 ppm -15 -20
Figure 4.30: Diagrammatic representation of UB NMR spectra of selected carborane complexes. All
measured in CD2C12 unless otherwise stated.
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The solution structures and related U B  NMR chemical shifts of compounds A , B and 
C (Figure 4.31, Table 4.15) were calculated using “ab initio/GIAO/NMR” methods by 
Dr. Mark Fox (University of Durham). The results of this study have been recently 
published161] and will only be summarised briefly here. [Na]+ was used as a model for 
silver, as using [Ag]+ was computationally not possible at the level of theory used 
(MP2/6-31G*)
Figure 4.31: Calculated structures for [Na(CBuH 12)] (A) (MP2/6-31G*), {Na2(CBuH 12)4}2- (B) (HF/6-
31G*) and {Na(CB,,Hl2)2}* (C) (MP2/6-31G*)
Experimental3 Calculated15
[NBu4]+ A g+ XVIII n one A  B c C
B(12) -8.0 -11.9  -12.4 -6.9 -12 .5  -10.1 -10.8
B(7-11) -14.1 -15 .0  -15.7 -13.8 -15 .3  -14.4 -14 .9
B(2-6) -16.9 -15 .0  -15.7 -17.8 -15 .4  -16.7 -16 .3
a Measured in CD2CI2. Averaged values at the GIAO-B3LYP/6-  
3 1 1G //MP26-31G* l e v e l . c Averaged values at the GIAO-B3LYP/6- 
3 1 1G //HF/6-31G* level.
Table 4.15: Comparison of experimental and theoretical UB NMR shifts (8) for various salts of
[c/o^o-CBnHifl'
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The changes in the calculated boron chemical shifts on going from optimised 
geometries of [Na(CBnHi2)] to “free” [c/oso-CBuHu]" mirror those observed 
experimentally in solution for [Ag(CBnHi2)] on going from a non-coordinating 
solvent (e.g. CD2CI2) to a coordinating solvent (e.g. acetone). Structures A, B and C 
all show upfield shifts of the B(12) resonances and compression of the B(7-ll) and 
B(2-6) signals compared to free [c/aso-CBnHn]’ matching well that observed in 
solution for XVIII, and confirming the Ag—{HB} interactions in solution. However, 
as all the structures show the same upfield shifts, the degree of aggregation for 
{Ag(CBnHi2)2 }" in solution for XVIII (ie. structure B versus structure C) remains 
ambiguous. This supports the assignment made earlier of the large downfield shift in 
the 11B{1H} NMR spectrum of X being due to the strong Ag—{HB} interactions 
observed in its solid state structure persisting in solution.
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All manipulations were performed under an inert atmosphere of argon, using standard 
Schlenk-line and glove box techniques. Glassware was dried in an oven at 130°C 
overnight and flamed with a blowtorch, under vacuum, three times before use. 
CH2CI2 , CH3CN and pentane were distilled from CaH2 . Toluene, diethyl ether and 
hexane were distilled from sodium-benzophenone-ketyl. CeDg and dg-toluene were 
dried over a potassium mirror; CD2CI2 was distilled under vacuum from CaH2 . 
Microanalyses were performed by Mr. Alan Carver (University of Bath 
Microanalytical Service).
5.1.2 NMR spectroscopy
'H, ‘H^'B}, "B, nB{‘H), UC{'H} and 31P{'H} NMR spectra were recorded on a 
Varian 400 MHz, Bruker Avance 300 MHz or Jeol 270MHz FT-NMR spectrometers. 
Residual protio solvent was used as reference for *H and ’H ^ B }  NMR spectra 
(CD2C12: 5 = 5.33, C7D8: 8  = 2 .1 0 , C3D60: 8  = 2.09) and 13C{!H} NMR spectra 
(CD2CI2 : 8  = 53.8). UB, 11B{1H} and 31P{1H} NMR spectra were referenced against 
BF3 .OEt2 (external) and 85% H3PC>4 (external) respectively. 109Ag NMR (19MHz) 
spectra were recorded by the Warwick University NMR Service. 31P CPMAS spectra
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were recorded by the EPSRC solid-state NMR service in Durham. Values are quoted 
in ppm. Coupling constants are quoted in Hz.
5.1.3 Infrared spectroscopy
Infrared spectra were recorded on a Nicolet NEXUS FT-IR spectrometer. Solid-state
samples were made up using oven dried pottasium bromide. Solution spectra were
\
recorded using a 0 .1 mm solution cell.
5.2 Syntheses and characterisation
5.2.1 Starting materials
The starting materials Cs[CBuH,2],m Ag[CBi,H12] , [l1 [HCOE^JtCBnHij] , 121 
Ag[CB„H„Br] , [31 Ag[CB„H6Br6] , [41 AgtCBnHsCld, ' 51 MoCp(CO)3Cl, [61
MoCp(CO)3I, [61 MoCp*(CO)3Cl,m MoCp*(CO)3Me, [81 CPh3[CBnH6Br6] , [91 
MoCp(CO)3H , [ 1  and l,3-dimesitylimidazol-2-ylidene (IMes) were all prepared 
by published literature methods or variations thereof. All other chemicals were used 
as purchased from Aldrich, Acros or Fluka.
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5.2.2 Synthesis
[MoCp(CO)3(x^-H-CB„H11)] (x = 7,12) (I):
From MoCp(CO)zCl: The compounds MoCp(CO)3Cl (0.134 g, 0.48 mmol) and 
Ag[CBnHi2] (0.120 g, 0.48 mmol) were dissolved in CH2CI2 (30ml) and stirred in a 
foil covered Schlenk for 2 days. The suspension formed was filtered through Celite 
and solvent removed in vacuo to leave 0.158g (0.41 mmol, 85% yield) of a red-brown 
solid. A !H NMR of the crude reaction mixture showed quantitative conversion to 
product. Crystals suitable for an X-ray diffraction study were grown by re-dissolving 
the solid in minimum volume of CH2CI2, layering with hexane and then placing in the 
freezer overnight at -30°C to yield 0.082g (0.21mmol) of MoCp(CO)3(x-p-H- 
CBnHn) (x = 7,12) as dark red crystals.
Yield: 44%.
5’H{nB} (22°C, CD2C12): 5.86 (s)*, 5.79 (5H, s, C5/ / 5), 2.53 (1H, s, CHMge), 1.79 
(5H, s, BH), 1.66 (5H, s, BH), -15.11 (1H, s, BH) (Values with an asterisk next to 
them indicate peaks of the 7 isomer in 30% abundance).
Selected S'H (22°C, CD2C12): -15.11 [pcq, /(BH) 87Hz, B//Mo]
Selected 6 'H{n B} (-90°C, CD2C12): -15.46 (s)*, -15.55 (s, B/TMo)
8 "B  (22°C, CD2C12): -8.0 [IB, d, /(BH) ca. 151Hz]*, -13.7 (IB, d, sh.), -15.0 [5B, 
d, /(BH) 151Hz], -17.2 [5B, d, /(BH) 151Hz], -21.9 [IB, d, /(BH) 6 8 Hz]*.
IR/cm ' 1 (KBr): 2582 (m, BH), 2549 (m, BH), 2243 (br„ w, BH), 2067 (s, CO), 1991 
(s, CO), 1980 (s, CO).
IR/cm ' 1 (CH2C12): 2573 (m, BH), 2230 (br., w, BH), 2071 (s, CO), 2001 (br., s, CO). 
Elemental Analysis: Calc, for C9H17B11M0 O3 : %C, 27.9; %H, 4.38. Found: %C, 
28.0; %H, 4.39.
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From MoCp(CO)3l: The compounds MoCp(CO)3l (0.029 g, 0.080 mmol) and
Ag[CBnHi2] (0 . 0 2 1  g,0.84 mmol) were dissolved in CH2CI2 (2 0 ml) and stirred in a 
foil covered Schlenk for 7 days. Work up identical to the previous procedure yielded 
0.025 g (0.064mmol, 81% yield) of a red-brown solid. The IR and NMR spectra of 
product are identical to those obtained via the previous method of preparation.
[MoCp(CO)3I-Ag(CBnH12) ] 2 (II):
The compounds MoCp(CO)3l (0.044 g, 0 .1 2 mmol) and Ag[CBnHi2] (0.030g, 0 . 1 2  
mmol) were stirred in CH2C12 (1 0 ml) in a foil covered Schlenk for 3.5 hours. The 
resulting solution was filtered through Celite and solvent removed in vacuo, to yield 
0.037g (0.095mmol) of [MoCp(CO)3TAg(CBiiHi2)]2 as a light sensitive red solid. 
Red crystals suitable for an X-ray diffraction study were grown by re-dissolving the 
solid in minimum CH2CI2, layering with hexane, and placing in the freezer overnight 
at -30°C.
Yield: 79%
51H{llB} (22°C, CD2C12): 5.75 (5H, s, CjHs), 2.56 (1H, s, CHcaef), 2.12 (1H, s, BH), 
1.86 (5H + 5H coincidence, s, BH).
8 n B (22°C, CD2C12): -12.4 [IB, d, J(BH) 119Hz], -16.0 [5B + 5B coincidence, d, 
J(BH) 144Hz].
510,Ag (22°C, CD2C12): 1335 (s).
IR/cm ' 1 (KBr): 2556 (m, BH), 2531 (m, BH), 2041 (s, CO), 1971 (s, CO), 1950 (s, 
CO).
IR/cm ' 1 (CH2C12): 2570 (m, BH), 2054 (s, CO), 1973 (br. s, CO).
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Elemental Analysis: Calc, for CgHnCbBnMoIAg: %C, 17.4; %H, 2.7. Found: %C, 
17.8; %H, 2.8.
[MoCp(CO)3l-Ag(CB„H„Br)]2 (III):
MoCp(CO)3l (51mg, 0.14mmol) and Ag[CBnHnBr] (46mg, 0.14mmol) were stirred 
in CH2CI2 (10ml) for one hour. This solution was cannula filtered and solvent 
removed in vacuo to yield 61mg (0.073mmol) of [MoCp(CO)3rAg(CBnHnBr) ] 2  as a 
red solid. Red crystals suitable for an X-ray diffraction study were grown by re­
dissolving the solid in minimum CH2CI2 , layering with hexane, and placing in the 
freezer overnight at -30°C.
Yield: 53%
5'H{n B} (22°C, CD2CIj): 5.77 (5 H, s, C5/ /5), 2.45 (1H, s, CHcage), 2.07 (5H, s, BH), 
1.78 (5H, s, BH).
8 UB (22°C, CD2CI2): -3.4 (IB, s), -13.1 [5B, d, ./(BH) 139Hz], -16.3 [5B, d, J(BH) 
157Hz].
IR/cm ' 1 (CH2CI2): 2574 (m, BH), 2053 (s, CO), 1972 (br. s, CO).
Elemental Analysis: Calc, for C9Hi6 0 3 BnBrIAgMo: %C, 15.4; %H, 2.28. Found: 
%C, 14.9; %H, 2.36.
[MoCp(CO)3I Ag(CB1,H6Br6)]2  (IV):
Ag[CBnH6Br6] (0.060 g, 0.083mmol) and MoCp(CO)3l (0.028 g, 0.075mmol) were 
stirred in CH2CI2 (10ml) in a foil covered Schlenk for 5 hours. The red solution 
formed was filtered through Celite and the solvent removed from the filtrate in vacuo 
to leave a red solid. Crystals suitable for an X-ray diffraction study were grown by
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redissolving the solid product in minimum of CH2CI2 and allowing slow evaporation 
of solvent under a flow of argon to yield 0.041g (0.021mmol) of dark red crystals. 
Yield: 56%
8 * 1 1  (22°C, CD2CI2): 5.84 (s, peak from isomer, see section 2.2.4), 5.73 (5H, s, 
Csfls), 2.79 (1H, S,Ctfcage).
8n B(22°C, CD2CI2): -4.0 (IB, s), -12.2 (5B, s), -21.2 [5B, d,J(BH) 152Hz],
8 109Ag (22°C, CD2CI2): 1335 (intensity of 8 , s), 1325 (intensity of 1 , s)
IR/cm ' 1 (CH2CI2): 2613 (m, BH), 2055 (s, CO), 1975 (br. s, CO).
Elemental Analysis: Calc, for CpHnOsBnBrelAgMo: %C, 9.86; %H, 1.00. Found: 
%C, 9.18; %H, 1.11.
[MoCp*(CO)3(x-p-H-CBn H11)] (x = 7,12) (V):
MoCp*(CO)3Me (0.014 g, 0.042mmol) was dissolved in CH2CI2 (20ml), cooled to 
-78°C, and added to a Schlenk vessel containing [H(OEt2)x][CBnHi2] [1 2 mg, 
0.041mmol (assuming x = 2)] at -78°C. This solution was stirred and warmed to 
room temperature. An IR spectrum indicated the reaction had only reached 30% 
completion so a second portion of [H(OEt2)x][CBnHi2] [1 0 mg, 0.039mmol (assuming 
x = 2)] was added. The IR spectrum after a further 5 minutes indicated all of the 
MoCp*(CO)3Me starting material had been consumed. The solvent was removed in 
vacuo and the *H NMR spectrum of the red solid formed indicated no starting 
material or excess [H(OEt2)x][CBnHi2] present. 11B{1H} NMR spectrum of the 
contents of the Schlenk line cold-trap showed the presence of [c/aso-CBiiH^]’. The 
product was re-dissolved in the minimum of CH2CI2 , layered with hexane and stored 
in a freezer at -30°C to afford orange-red crystals of MoCp*(CO)3(x-p-H-CBnHn) (x 
= 7,12) suitable for a X-ray diffraction study.
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8 'H  (22°C, CD2C12): 2.51 (1H, br. s, C//cage), 2.08 (s)*, 2.04 (15H, s, Cf/3), -13.5 
[1H, partially collapsed quartet, ./(BH) = 98Hz, B//] (Values with an asterisk next to 
them indicate peaks of the 7 isomer in 40% abundance).
5n B (22°C, CD2C12): -8.5 (IB, d, /(BH) 128)*, -13.9 (IB, d, sh.), -15.2 [5B, d, 
/(BH) 150Hz], -17.2 [5B, d,/(BH) 167], -22.1 [IB, d,/(BH) ca. 65Hz]*.
IR/cm’1 (CH2C12): 2571 (m, BH), 2229 (br., w, MoHB), 2057 (s, CO), 1986 (hr., s, 
CO).
CPhalCBnHnBr] (VI):
Ag[CBnHnBr] (0.337g, l.Ommol) and CPh3Br (0.337g, l.Ommol) were stirred in a 
1:3 toluene/CH3CN (5:15ml) mixture for one hour, then cannula filtered. The 
supernatant was removed in vacuo and the resulting oil stirred in hexane ( 2  x 2 0 ml) 
overnight. Hexane was removed by decantation, and the yellow/orange solid formed 
was dried in vacuo to yield 0.410g (0.88mmol) of CPh3[CBnHnBr].
Yield: 8 6 %
51H{11B} (2 2 °C, C3D60): 7.32 -  7.17 (15H , m, CHpheny]), 2 .26 (1H, s, CHcage), 1.90 
(5H, s, BH), 1.64 (5H, s, BH).
8 n B (22°C, C3D60): -3.0 (IB, s), -15.7 [5B, d, /(BH) 142], -17.3 [5B, d, /(BH) 
153].
[MoCp(CO)3(CBn Hn Br)] (VII):
MoCp(CO)3H (30mg, 0.12mmol) was dissolved in CH2CI2 (5ml) and added dropwise 
to a Schlenk charged with CPh3 [CBnHnBr] (57mg, 0.12mmol). The solution was 
stirred for one hour, cannula filtered, and the supernatant removed in vacuo to leave a 
red solid. This was redissolved in the minimum CH2CI2 , layered with hexanes and
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then placed in a freezer at -30°C to yield 0.03 lg (0.066mmol) of 
MoCp(CO)3(CBnHnBr) as dark red crystals.
Yield: 54%
8 'H{n B} (22°C, CD2C12): 5.92 (5H, s, C5/ / 5), 2.43 (1H, br. s, Ci/Mge), 1.86 (5H, br. 
s, BH), 1.76 (5H, br. s, BH),.
8 n B (22°C, CD2C12): -1.6 (IB, s), -13.9 [5B, d, J(BH) 144Hz], -16.9 [5B, d, J(BH) 
158Hz].
IR/cm’ 1 (CH2C12): 2577 (m, BH), 2071 (s, CO), 1999 (br., s, CO).
IR/cm'! (KBr): 2560 (m, BH), 2069 (s, CO), 1982 (s, CO).
Elemental Analysis: Calc, for C9Hi6Bn 0 3 MoiBri: %C, 23.2; %H, 3.43. Found: 
%C, 22.9; %H, 3.49.
[MoCp(CO)3(CBiiH6Br6)]:
In a typical reaction: A Young’s NMR tube was charged with MoCp(CO)3H (32mg, 
0.13mmol) and [CPh3][CBnH6Br6] ( 1 1 2 mg, 0.13mmol) and CD2CI2 added at -78°C. 
Reaction allowed to warm slowly to room temperature and NMR measurements taken 
immediately. Product is poorly soluble in CD2CI2 and forms pink solid. Attempts to 
grow crystals of products via CD2CI2 / hexane layers were unsuccessful. High 
reactivity and instability of products thwarted attempts to cleanly isolate them.
S'H (22°C, CD2C12): 7.31-7.11 [m, 77i3CH], 6.07 [s,
{MoC/>(CO)3(CH2C12)} {CBuHeBrs}], 6.02 [s, MoQ>(CO)3(CBn H<;Br6)], 5.81 [s, 
({MoCp(CO)3}2 {p-H})(CB,,H6Br6)], 5.55 [s, Ph3Ctf], 2.81 [br. s, C7/rage], 2.74 [br. s, 
Cffcn.]. -2109 [s, ({MoCp(CO)3 }2 {|r-//})(CB„H6Br6)].
Selected S'H (-65°C, CD2C12): 6.05 [s, {MoQ3(CO)3(CH2Cl2)}{CB,iH6Br6}], 6.02 
[s, MoQ)(CO)3(CBnH6Br6)], 5.99 [s, MoQ7(CO)3(CBnH6Br6)], 5.78 [s,
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({MoQ7(CO)3 }2 {^-H})(CBi1H6Br6)], 2.90 [br. s, Ci/Cage], 2.82 [br. s, Ctfcage], 2.76 
[br. s, CT/cage], -21.61 [s, ({MoCp(CO)3 }2 { ^ ) ( C B n H 6Br6)].
8 n B (22°C, CD2C12): -2.0 (IB, s), -10.2 (5B, s), -20.5 [5B, d, J(BH) 164Hz].
IR/cm ' 1 (CH2CI2): 2608 (m, BH), 2073 (s, CO), 1990 (br., s, CO).
[Ag(PPh3)(CBn H 12)] (X):
PPh3 (0.163 g, 0.650mmol) was dissolved in CH2CI2 (10ml) and added dropwise to a 
Schlenk flask charged with Ag[CBnHi2] (0.155 g, 0.591mmol). This solution was 
stirred in a foil covered Schlenk overnight and then cannula filtered. The solvent was 
removed in vacuo to leave a pale yellow solid. Colourless crystals suitable for an X- 
ray diffraction study were grown by redissolving the product up in minimum CH2CI2, 
layering with hexane, then placing the sample in a freezer overnight at -30°C to yield 
0.281 g (0.549mmol) of product.
Yield: 92%.
S'H{"B} (22°C, CD2CI2): 7.52-7.29 (15H, m, O f t ) ,  2.55 (1H, br. s, CHcm), 2.25 
(1H, br. s, BH), 1.85 (10H, 5H + 5H coincidence, BH).
Selected 8 1H{11B} (-90°C, CD2CI2): 2.59 (1H, br. s, C//Mge), 2.34 (1H, br. s, BH), 
1.94 (5H, br. s, BH), 1.76 (5H, br. s, BH).
8 n B {'H } (22°C, CD2CI2): -13.6 (IB, s, sh.), -14.5 (5B, s), -15.3 (5B, s).
8 n B (22°C, CD2CI2): -14.5 [5B + IB coincidence, d, /(BH) 118Hz], -15.3 [5B, d, 
/(BH) 110Hz]
8 31P {‘H } (22°C, CD2CI2): 18.70 [dd, / ( I09AgP) 795Hz, / ( ,07AgP) 691Hz]
IR/cm ' 1 (KBr): 2565 (vs, BH), 2517 (sh s, BH), 2372 (m, BH).




PPI13 (0.061 g, 0.232mmol) was dissolved in CH2CI2 ( 1 0 ml) and added dropwise to a 
foil covered Schlenk flask charged with Ag[CBnHnBr] (0.100 g, 0.303mmol), with 
stirring. This solution was stirred overnight and then cannula filtered. The solvent 
was removed in vacuo to leave a clear oil. Colourless crystals suitable for an X-ray 
diffraction study were grown by redissolving the product up in minimum CH2CI2 , 
layering with hexane, then placing the sample in a freezer overnight at -30°C to yield 
0 . 1 0 2  g (0.172mmol) of product.
Yield: 74%
8 *H{n B> (22°C, CD2CI2): 7.65-7.31 (15H, m, C<#5), 2.48 (1H, br. s, CHczef), 2.19 
(5H, br. s, BH), 1.81 (5H, br. s, BH).
8 n B (22°C, CD2CI2): -3.3 (IB, s), -13.2 [5B, d, /(BH) 141Hz], -16.2 [5B, d, /(BH) 
159Hz],
8 31P {'H } (22°C, CD2CI2): 16.85 [IP, dd, / ( 1MAgP) 661Hz, / ( 107AgP) 581Hz] 
Elemental Analysis: Calc, for Ci^&BnAgPBr: %C, 38.5; %H, 4.39. Found: %C, 
37.8; %H, 4.39.
[Ag(PPh3)(CB11H6Br6)] (XII):
PPh3 (0.062 g, 0.236mmol) was dissolved in CH2CI2 (10ml) and added dropwise to a 
foil covered Schlenk charged with Ag[CBnH6Br6] (0.200 g, 0.276mmol). The 
resulting solution was stirred overnight and filtered. The supernatant was removed in 
vacuo to leave a clear oil. Colourless crystals suitable for an X-ray diffraction study 
were grown by redissolving the product up in minimum CH2CI2, layering with 
hexanes, then placing the sample in a freezer overnight at -30°C to yield 0.194 g 
(0.197mmol) of product [Ag(PPh3)(CBnH6Br6)].
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Yield: 83%
8'H{n B} (22°C, CD2C12): 7.52-7.22 (15H, m, C(Hs), 2.73 (1H, br. s, CHagc), 2.43 
(5H, s, BH).
8n B (22°C, CD2C12): -5.4 (IB, s), -9.9 (5B, s), -20.2 [5B, d, /(BH) 157Hz],
S31P {‘H } (22°C, CD2C12): 16.52 [dd, ./(109AgP) 766Hz, J(107AgP) 664Hz],
IR/cm"1 (KBr): 2608 (vs, BH), 2593 (s, BH).
Elemental Analysis: Calc, for Ci9H2 iBnAgPBr6 : %C, 23.1; %H, 2.12. Found: %C, 
22.6; %H, 2.17.
[Ag(PPh3>(CB11H6Cl6>] (XIII):
PPI13 (0.052 g, 0.198mmol) was dissolved in CH2CI2 (10ml) and added dropwise to a 
foil covered Schlenk flask charged with AgfCBnHeCy (0.110 g, 0.240mmol), with 
stirring. This solution was stirred overnight and then cannula filtered. The solvent 
was removed in vacuo to leave a white solid. Colourless crystals suitable for an X-ray 
diffraction study were grown by redissolving the solid up in minimum CH2CI2, 
layering with hexane, then placing the sample in a freezer overnight at -30°C to yield 
0.093 g (0.129mmol) of Ag(PPh3)(CBiiH6Cl6).
Yield: 65%
S’H ^ ’B} (22°C, CD2C12): 7.64-7.34 (15H, m, C ^ ) ,  2.38 (1H, br. s, C7/cage), 2.15 
(5H, br. s, BH).
8n B(22°C, CD2C12): 0.1 (IB, s), -6.6 (5B, s), -23.2 [5B, d, J(BH) 160Hz].
831P { 'H } (22°C, CD2C12): 16.80 [IP, dd, J(109AgP) 822Hz, 7(107AgP) 718Hz], 




Ag[CBnHi2] (0.075 g, 0.299mmol) and PPh3 (0.158 g, 0.602mmol) were stirred 
together in CH2C12 (1 0 ml) in a foil covered Schlenk for one hour. This solution was 
filtered and hexanes (2 0 ml) added to the filtrate to induce precipitation of a colourless 
solid. This was isolated by decanting off the solvents and drying in vacuo to yield 
0.204 g (0.263mmol) of Ag(PPh3)2(CBnHi2). Redissolving a portion of the solid 
product in a minimum of CH2C12, layering with hexanes, and then placing in a freezer 
overnight at -30°C yielded crystals suitable for an X-ray diffraction study.
Yield: 8 8 %
8 *H{n B} (22°C, CD2CI2): 7.45-7.18 (30H, m, Csfls), 2.21 ( 1H, br. s, C//clge), 1.85 
(1H, br. s, Bi/antipodai), 1.58 (5H + 5H coincidence, br. s, BH).
6 n B { 'H } (22°C, CD2CI2): -8.4 (IB, s), -13.9 (5B, s), -15.9 (5B, s).
8 n B (22°C, CD2CI2): -8.4 [IB, d, J(BH) 128Hz], -13.9 [5B, d, J(BH) 138Hz], -15.9 
[5B,d,/(BH) 158Hz].
8 3IP {‘H } (2 2 °C, CD2CI2): 14.8 (br. s).
8 3IP {'H } (-60°C, CD2CI2): 13.7 [br. d, J(AgP) 333Hz], 13.6 [dd, J(I0SAgP) 554Hz, 
7('07AgP) 483Hz],
IR/cm ' 1 (KBr): 2544 (vs, BH), 2442 (m, BH), 2396 (m, BH).
Elemental Analysis: Calc. for. C37H42BnAgP2: %C, 57.3; %H, 5.46. Found: %C 
57.2, %H 5.53.
[Ag(PPh3)2(CB„H6Br6)] (XV):
The compounds Ag[CBnH6Br6] (0.250 g, 0.345mmol) and PPh3 (0.181 g, 
0.690mmol) were stirred together in CH2C12 (10ml) in a foil covered Schlenk for one 
hour. The solution formed was filtered and solvent removed in vacuo to leave a white
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solid. This solid was redissolved in minimum volume of CH2CI2 , layered with 
hexanes, and then placed in a freezer overnight at -30°C to yield 0.246g (0.197mmol) 
of Ag(PPh3)2(CBnH6Br6) as a colourless microcrystalline powder. Crystals suitable 
for an X-ray diffraction study were grown by redissolving the product up in minimum 
CH2CI2 , layering with hexanes, then placing the sample in a freezer overnight at -  
30°C.
Yield: 57%
8,H{llB} (22°C, CD2CI2): 7.45-6.87 (30H, m, CaHs), 2.45 (1H, br. s, Cflcage), 2.21 
(5H, br. s, BH).
8n B (22°C, CD2CI2): -4.6 (IB, s), -10.1 (5B, s), -20.5 [5B, d, /(BH) 166Hz],
83IP{1H } (22°C, CD2CI2): 8.1 (br. s).
831P { 'H } (-80°C, CD2CI2): 8.06 [dd, J(109AgP) 256Hz, J(l07AgP) 223Hz].
IR/cm'1 (KBr): 2956 (vs, BH), 2587 (s, BH).
Elemental Analysis: Calc, for C37H36BnAgP2Br6 : %C, 35.7; %H, 2.89. Found: 
%C, 35.5; %H, 3.01.
[Ag2(IMes)2(CB„H12)2] (XVIII):
IMes (55mg, 0.18mmol) was dissolved in toluene (5ml) and added dropwise to a foil 
covered Schlenk charged with Ag[CBnHi2] (47mg, 0.19mmol), with stirring. The 
resulting solution was stirred overnight, cannula filtered, and the supernatant removed 
in vacuo. The resulting solid was redissolved in the minimum volume of toluene and 
placed in a -80°C freezer for 5 days. The solvent was decanted off and product dried 




8 1H{I1B} (22°C, CD2C12): 7.00 (4H, s, N C fl), 6.85 (8 H, s, m-CH), 2.35 (12H, s,/?- 
CH3), 2.32 (2H, s, C//cage), 2.25 (2H, s, BH), 1.69 (10H, s, BH), 1.65 (s, 24H, o-CH3),
1.57 (s, 10H, BH).
8 n B (22°C, CD2CI2): -11.9 [IB, d, J(BH) 125Hz], -14.1 [5B + 5B coincidence, d, 
/(BH) 145Hz].
13C{!H} NMR (CD2CI2): 183.56 [dd, NC N , J(109AgP) 208, J(107AgP) 180], 140.21 
(s, Cphenyl)> 135.62 (s, Cphenyl)* 135.29 (s, Cphenyl)> 129.92 (s, Cphenyl)> 123.63 [d, 
V(CAg) 6.04Hz, NCC], 55.30 (s, CHCige), 21.73 (s, CH3), 17.75 (s, CH3).
Elemental Analysis: Calc, for C44Hz2Ag2N4B2 2 : %C, 47.6; %H, 6.48; %N, 5.04. 
Found: %C, 47.7; %H, 6.55; %N, 5.04.
5.2.3 Reaction Monitoring Experiments
General procedure for the monitoring of the reaction between N- 
benzylideneaniline and Danishefsky’s diene:
Solutions of catalyst were typically prepared by dissolving the compound (X, XII, 
XIV or XV; lmg) in CD2CI2 (1ml) using an ultrasound bath to ensure complete 
catalyst dissolution. The relevant quantity of this catalyst solution to give a 0.1mol% 
catalyst concentration (i.e. 0.00011 mmol of catalyst) was added to an NMR tube 
previously charged with V-benzylideneaniline (20mg, 0.11 mmol). Danishefsky’s 
diene (32pl, 0.17 mmol) and water (lpl) were added to the NMR tube, which was 
then shaken vigorously before being placed in the NMR spectrometer and 
measurements taken at timed intervals. The disappearance of the peak at 8  = 8.51 due
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to PhN=C£/Ph was monitored, along with the growth of the peaks centred at 5 = 6.64 
and 6 = 6.54 (3H total, intermediate XVI) and 6 = 5.27 (1H total, final product XVII). 
A plot for each catalyst of time verses consumption of imine, and time verses total 
concentration of XVI and XVII showed essentially the same profile. Repeat runs for 
all catalysts tested showed the same time-dependant profiles.
Intermediate XVI.
NMR (22°C, CD2C12): 7.56 [1H, d, J(HH) 13Hz], 7.42 -  7.40 (2H, m), 7.28 -  
7.23 (1H, m), 7.10 -  7.01 (3H, m), 6.64 (1H, m), 6.54 (2H, m), 5.58 [1H, d, J(HH) 
12Hz], 4.86 [1H, q, J(HH) 6Hz], 4.71 [1H, d, J(HH) 6Hz], 3.68 (3H, s), 2.94 [2H, dd, 
/(HH) 6Hz], 0.14 (9H, s).
*H NMR reaction monitoring of the hydrogenation of 3-pentanone:
CPh3 [CBnH6Br6] (93mg, O.llmmol), 0=CEt2 (0.11ml, l.lmmol) and 
MoCp(CO)2(L)H (L = CO, 26mg, O.lOmmol; L = PPI13, 50mg, O.lOmmol) were added 
to a NMR tubes equipped with a J. Young valve and dissolved in 0.35ml of CD2CI2 . 
The tube was then frozen in liquid nitrogen, opened to high vacuum and then 
backfilled with H2 . The pressure of H2 in the tube after warming to room temperature 
should be ca. 4 atm. (298/77 = 3.9). The pressure was maintained by periodically 
refilling with H2 as needed. In order to ensure adequate diffusion of gas into the 
solvent, the tubes were slowly spun using a mechanical stirring motor mounted 
sideways. NMR measurements were taken at intervals over a period of 18 days. 
The number of catalyst turnovers was monitored by measuring the disappearance of 
the 0 =CEt2 peak at 6  = 2.47 (q, CH2) versus the appearance of Et2CHOH peaks at 5 = 
5.54 (m, CH) and 6  = 0.97 (t, Ci/3).
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For catalytic studies using MoCp(CO)3(CBnHi2) and MoCp(CO)3(CBnHnBr) the 
complexes were added directly to the NMR tube, rather than being prepared from the 
in situ reaction of the relevant hydride. Otherwise they were treated in the same 
manner as those described above.
5.3 Structure Determinations
Crystallographic measurements for structure IV were recorded on a CAD4 automatic 
four-circle diffractometer. Crystallographic measurements for all other structures were 
recorded on a Nonius KappaCCD diffractometer with MoKa radiation (0.71073 A). 
Structure solution followed by full-matrix least-squares refinement was performed by 
using the SHELX suite of programs throughout. Hydrogens were included in 
calculated positions unless otherwise stated. Crystal data and structure refinement 
tables for all compounds are displayed in Appendix A. Tables of bond lengths and 
angles and .cif files for all structures are included in electronic format on CD, a copy 
of which is included at the back of this thesis.
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A p p e n d ix  A
Crystal data and structure refinement tables for all compounds
Table 1: Crystal data and structure refinement for Compound I.
Identification code Compound I






Unit cell dimensions a= 10.1425(19)A a = 90°
b = 10.4875(13)A p = 93.76(2)°
c = 16.515(2)A 7  = 90°
Volume 1752.9(4) A3
Z 4
Density (calculated) 1.471 Mg/m3
Absorption coefficient 0.749 mm' 1
F(000) 768
Crystal size 0.30 x 0.25 x 0.25 mm
Theta range for data collection 2.01 to 26.96 °.
Index ranges 0 <=h<=1 2 ; 0<=k<=13; -2 1 <=1 < = 2 1
Reflections collected 4157
Independent reflections 3801 [R(int) = 0.0150]
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3801 /0 /2 3 2
Goodness-of-fit on F2 1.038
Final R indices [I>2ct(I)] R l=  0.0289 wR2 = 0.0780
R indices (all data) R1 = 0.0369 wR2 = 0.0806
Largest diff. peak and hole 0.420 and -0.454 eA' 3
Weighting scheme calc
Table 2: Crystal data and structure refinement for Compound II.
Identification code Compound II






Unit cell dimensions a =13.8843(4) A a=90°.
b = 15.7193(4) A p= 90°.
c = 18.1490(6) A y = 90°.
Volume 3961.0(2) A3
Z 8
Density (calculated) 2.089 Mg/m3
Absorption coefficient 3.186 mm~l
F(000) 2336
Crystal size 0 . 2 0  x 0 . 1 0  x 0.08 mm3
Theta range for data collection 3.61 to 26.00°.
Index ranges -17<=h<=17, -19<=k<=19, - 
2 2 <=1 < = 2 2
Reflections collected 7282
Independent reflections 3870 [R(int) = 0.0476]
Absorption correction Scalepack
Max. and min. transmission 0.7847 and 0.5683
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3870/0/236
Goodness-of-fit on F^ 1.229
Final R indices [I>2sigma(I)] R1 = 0.0563, wR2 = 0.1101
R indices (all data) R1 = 0.0725, wR2 = 0.1145
Extinction coefficient 0.00059(8)
Largest diff. peak and hole 1.712 and-1.697 e.A’"
Table 3: Crystal data and structure refinement for Compound III.
Identification code Compound III






Unit cell dimensions a = 12.779(3)A a  = 99.47(3)°
b =  13.530(3)Ap = 101.09(3)°
c=  13.725(3)Ay = 98.31(3)°
Volume 2258.6(8) A3
Z 2
Density (calculated) 2.189 Mg/m3
Absorption coefficient 4.686 mm’ 1
F(000) 1388
Crystal size 0 . 2 0  x 0 . 1 0  x 0.08 mm
Theta range for data collection 3.09 to 27.48 °.
Index ranges -16<=h<=T6; -17<=k<=17; - 17<=1<=17
Reflections collected 36486
Independent reflections 10316 [R(int) = 0.0414]
Reflections observed (>2a) 8863
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.045, 0.933
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 10316/2/543
Goodness-of-fit on F2 1.051
Final R indices [I>2a(I)] R i=  0.0294 wR2 = 0.0635
R indices (all data) Ri = 0.0380 wR2 = 0.0670
Largest diff. peak and hole 1.234 and-1.518 e.A’3
Table 4: Crystal data and structure refinement for Compound IV.
Identification code Compound IV






Unit cell dimensions a = 7.7200(7)A a  = 90.871(5)°
b = 11.8360(8)A p = 96.678(4)°
c = 14.7530(15)A y = 90.355(5)°
Volume 1338.7(2) A3
Z 2
Density (calculated) 2.720 Mg/m3
Absorption coefficient 11.320 mm' 1
F(000) 992
Crystal size 0.13 x 0.08 x 0.05 mm
Theta range for data collection 3.56 to 25.17°.
Index ranges -9<=h<=9; -14<=k<=14; -13<=1<=17
Reflections collected 11052
Independent reflections 4679 [R(int) = 0.0967]
Reflections observed (>2a) 3236
Max. and min. transmission 0.6014 and 0.3319
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4679/115/295
Goodness-of-fit on F2 1 . 0 1 1
Final R indices [I>2a(I)] R i=  0.0917 wR2 = 0.2541
R indices (all data) R i=  0.1324 wR2 = 0.2844
Largest diff. peak and hole 2.598 and -2.947 e.A’3
Table 5: Crystal data and structure refinement for Compound V.
Identification code Compound V






Unit cell dimensions a = 9.75770(10)A a  = 90°
b = 14.1357(2)A p = 90°
c = 16.2310(2) A y = 90°
Volume 2238.77(5) A3
Z 4
Density (calculated) 1.359 Mg/m3
Absorption coefficient 0.598 mm"1
F(000) 928
Crystal size 0.30 x 0.13 x 0.13 mm
Theta range for data collection 3.56 to 27.48 °.
Index ranges -1 2 <=h<=1 2 ; -18<=k<=16; - 
2 1  <=1 < = 2 1
Reflections collected 25921
Independent reflections 5110 [R(int) = 0.0276]
Reflections observed (>2a) 4996
Absorption correction Multiscan
Max. and min. transmission 0.9290 and 0.8409
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5110/0/283
Goodness-of-fit on F2 0.959
Final R indices [I>2a(I)] R i=  0.0295 wR2 = 0.0859
R indices (all data) Ri = 0.0302 wR2 = 0.0870
Absolute structure parameter -0.03(4)
Largest diff. peak and hole 0.628 and -0.492 e.A'3
Table 6: Crystal data and structure refinement for Compound VII.
Identification code Compound VII






Unit cell dimensions a = 7.64100(10)A a  = 104.8390(10)°
b = 10.9320(2)A p = 100.4580(10)°
c = 11.3340(2)A y = 90.2010(10)°
Volume 898.72(3) A3
Z 2
Density (calculated) 1.726 Mg/m3
Absorption coefficient 2.956 nun' 1
F(000) 452
Crystal size 0.50 x 0.40 x 0.20 mm
Theta range for data collection 3.59 to 30.00°
Index ranges -10<=h<=10; -15<=k<=14; - 
15<=1<=15
Reflections collected 20929
Independent reflections 5224 [R(int) = 0.0523]
Reflections observed (>2a) 4596
Data Completeness 0.996
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.81 and 0 . 6 6
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5224/0/227
Goodness-of-fit on F2 1.041
Final R indices [I>2a(I)] R i=  0.0278 wR2 = 0.0670
R indices (all data) Ri = 0.0346 wR2 = 0.0701
Largest diff. peak and hole 0.855 and -0.912 eA'3
Table 7: Crystal data and structure refinement for Compound VIII.
Identification code Compound VTII






Unit cell dimensions a = 9.7520(2)A a  = 90°
b = 12.8140(3)A p = 90°
c = 20.1420(5)A y = 90°
Volume 2516.99(10) A3
Z 4
Density (calculated) 2.321 Mg/m3
Absorption coefficient 10.062 mm' 1
F(000) 1624
Crystal size 0.43 x 0.13 x 0.02 mm
Theta range for data collection 3.81 to 27.47°
Index ranges -1 2 <=h<=1 2 ; -16<=k<=16; - 
24<=1<=26
Reflections collected 34957
Independent reflections 5745 [R(int) = 0.0805]
Reflections observed (>2a) 5197
Data Completeness 0.995
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.83 and 0.54
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5745/0 /286
Goodness-of-fit on F1 1.023
Final R indices [I>2g(I)] R i=  0.0383 wR2 = 0.0959
R indices (all data) R i=  0.0449 wR2 = 0.1009
Absolute structure parameter 0.007(10)
Largest diff. peak and hole 0.892 and -0.805 eA'3
Notes: water hydrogens could not be reliably located, hence omitted from refinement
Table 8: Crystal data and structure refinement for Compound IX.
Identification code Compound IX






Unit cell dimensions a = 9.9510(2)A a  = 90°
b = 11.7740(2)A P = 97.0060(11)°
c = 27.9560(5)A y = 90°
Volume 3250.95(10) A3
Z 4
Density (calculated) 2.022 Mg/m3
Absorption coefficient 7.803 mm’ 1
F(000) 1872
Crystal size 0 .1 0 x 0 .1 0 x 0 . 1 0  mm
Theta range for data collection 3.54 to 23.26 °.
Index ranges -11 <=h<= 10; -13<=k<=13; - 
31 <=1<=31
Reflections collected 29814
Independent reflections 4636 [R(int) = 0.0696]
Reflections observed (>2a) 4094
Absorption correction Multiscan
Max. and min. transmission
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4636/0/406
Goodness-of-fit on F2 1.074
Final R indices [I>2a(I)] R i=  0.0651 wR2 = 0.2031
R indices (all data) Ri = 0.0724 wR2 = 0.2083
Largest diff. peak and hole 1.635 and-2.854 e.A'3
N.B. Xtal quality and data good. R factor held high because of negative hole 
approximate to Br4. Libration notes in carborane cage; thermals on boron atoms 
larger than for atoms around the metal core. Extreme of effects reflected in 
modelling B rl, Br2, Br3, Br5 and Br6  in 66:34 ratio with BrlA, Br2A, Br3A, 
Br5A and Br6 A respectively. Br4 was best modelled at single site occupancy.
Table 9: Crystal data and structure refinement for Compound X.
Identification code Compound X






Unit cell dimensions a = 10.282(2)A a  = 76.22(3)°
b = 10.988(2)A p = 75.25(3)°
c = 11.308(2)A y = 75.61(3)°
Volume 1175.7(4) A3
Z 2
Density (calculated) 1.450 Mg/m3
Absorption coefficient 0.932 mm’1
F(000) 516
Crystal size 0 . 2 0  x 0 . 2 0  x 0 . 1 0  mm
Theta range for data collection 2.96 to 27.50°.
Index ranges 0<=h<=13; -13<=k<=14; -13<=1<=14
Reflections collected 20702
Independent reflections 5374 [R(int) = 0.0387]
Reflections observed (>2ct) 4538
Max. and min. transmission 0.9126 and 0.8355
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5374/0 /302
Goodness-of-fit on F2 1.018
Final R indices [I>2a(I)] R i=  0.0316 wR2 = 0.0757
R indices (all data) R i=  0.0417 wR2 = 0.0813
Largest diff. peak and hole 0.544 and -0.923 eA' 3
Table 10: Crystal data and structure refinement for Compound XI.
Identification code Compound XI






Unit cell dimensions a=  12.87500(10)A a  = 97.4210(10)°
b = 13.9930(2)A p = 92.1240(10)°
c = 32.2670(5)A y = 113.2810(10)°
Volume 5270.33(12) A3
Z 4
Density (calculated) 1.546 Mg/m3
Absorption coefficient 2.401 mm'1
F(000) 2420
Crystal size 0.50 x 0.40 x 0.20 mm
Theta range for data collection 2.95 to 29.94°.
Index ranges -18<=h<=17; -19<=k<=19; - 
45<=1<=45
Reflections collected 63584
Independent reflections 27082 [R(int) = 0.0737]
Reflections observed (>2a) 17472
Data Completeness 0.886
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.60 and 0.42
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 27082/0/1217
Goodness-of-fit on F2 1.069
Final R indices [I>2a(I)] R! = 0.0639 wR2 = 0.1276
R indices (all data) Ri =0.1141 wR2 = 0.1428
Largest diff. peak and hole 1.435 and -0.861 eA'3
Table 11: Crystal data and structure refinement for Compound XII.
Identification code Compound XII






Unit cell dimensions a = 8.89500(10)A a  = 90°
b = 24.4140(4)A P = 102.0720(10)°
c = 14.4170(3)A y = 90°
Volume 3061.60(9) A3
Z 4
Density (calculated) 2.140 Mg/m3
Absorption coefficient 8.554 mm' 1
F(000) 1848
Crystal size 0.10 x 0.10 x 0.05 mm
Theta range for data collection 3.71 to 27.88 °.
Index ranges -ll<=h<=ll; -32<=k<=32; - 
17<=1<=18
Reflections collected 23164
Independent reflections 7253 [R(int) = 0.0519]
Reflections observed (>2a) 5880
Data Completeness 0.994
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.66 and 0.47
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7253/0/349
Goodness-of-fit on F2 1.041
Final R indices [I>2a(I)] R i=  0.0358 wR2 = 0.0783
R indices (all data) R i=  0.0521 wR2 = 0.0855
Largest diff. peak and hole 1.081 and -1.181 eA' 3
Table 12: Crystal data and structure refinement for Compound XIII.
Identification code Compound XIII






Unit cell dimensions a = 7.91500(10)A a  = 100.1760(10)°
b = 13.7660(2)A (3 = 102.7440(10)°
c = 14.7500(3)Ay = 105.6080(10)°
Volume 1461.30(4) A3
Z 2
Density (calculated) 1.636 Mg/m3
Absorption coefficient 1.306 mm’ 1
F(000) 708
Crystal size 0.30 x 0.25 x 0.25 mm
Theta range for data collection 3.62 to 30.09°.
Index ranges -ll<=h<=ll; -19<=k<=19; - 
2 0 <=1 < = 2 0
Reflections collected 28761
Independent reflections 8527 [R(int) = 0.0324]
Reflections observed (>2a) 6554
Data Completeness 0.993
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.73 and 0.69
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8527/0/533
Goodness-of-fit on F2 1.066
Final R indices [I>2c(I)] R i=  0.0589 wR2 = 0.1529
R Largest diff. peak and hole indices 
(all data) R i=  0.0779 wR2 = 0.1672
1.066 and -1.085 eA’3
Note: silver and carborane positions disordered over 2 sites in 50:50 ratio. Also 
the partial chlorines attached to B8/B28 are further split over 2 sites, which may 
be rationalised in terms of libration associated with the cage and the possibility 
of intermolecular contacts.
Table 13: Crystal data and structure refinement for Compound XIV.
Identification code Compound XIV






Unit cell dimensions a = 11.6963(2)A a  = 96.8860(6)°
b = 13.1668(2)A (3 = 106.8980(7)°
c = 14.1393(2)Ay= 110.5370(8)°
Volume 1890.30(5) A3
Z 1
Density (calculated) 1.362 Mg/m3
Absorption coefficient 0.646 mm-1
F(000) 792
Crystal size 0.25 x 0.20 x 0.17 mm
Theta range for data collection 3.38 to 27.50°.
Index ranges -15<=h<=15; -17<=k<=16; - 18<=1<=18
Reflections collected 22570
Independent reflections 8605 [R(int) = 0.0250]
Reflections observed (>2ct) 7964
Absorption correction Multiscan
Max. and min. transmission 1.027, 0.981
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8605/2/478
Goodness-of-fit on F2 1.050
Final R indices [I>2a(I)] R i=  0.0289 wR2 = 0.0738
R indices (all data) Ri = 0.0323 wR2 = 0.0763
Largest diff. peak and hole 1.727 and -0.584 e.A'3
Notes: H7 and H12 positionally refined at a distance of 1.12 A from B7 and B1 2  
respectively
Table 14: Crystal data and structure refinement for Compound XV.
Identification code Compound XV





Space group P2 i2 i2 i
Unit cell dimensions a = 12.9130(2)A a  = 90°
b = 17.6430(3)A P = 90°
c = 22.5880(5)A y = 90°
Volume 5146.09(16) A3
Z 4
Density (calculated) 1.831 Mg/m3
Absorption coefficient 5.351 mm' 1
F(000) 2736
Crystal size 0.20 x 0.25 x 0.05 mm
Theta range for data collection 3.58 to 27.49°
Index ranges -15<=h<=l 6 ; -19<=k<=22; - 29<=1<=29
Reflections collected 32411
Independent reflections 11621 [R(int) = 0.0789]
Reflections observed (>2ct) 7750
Data Completeness 0.994
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.64 and 0.48
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 11621/0/569
Goodness-of-fit on F2 0.972
Final R indices [I>2g(I)] R i=  0.0506 wR2 = 0.1009
R indices (all data) Ri = 0.0989 wR2 = 0.1162
Absolute structure parameter 0.013(9)
Largest diff. peak and hole 0.731 and-1.324 eA' 3
Table 15: Crystal data and structure refinement for Compound XVIII.
Identification code Compound XVIII






Unit cell dimensions a = 15.4570(2)A a  = 90°
b = 20.1150(3)A |3 = 108.558(1)°
c = 19.2130(3)A y = 90°
Volume 5663.04(14) A3
Z 8
Density (calculated) 1.303 Mg/m3
Absorption coefficient 0.727 mm'1
F(000) 2272
Crystal size 0.13 x 0.13 x 0.15 mm
Theta range for data collection 3.66 to 24.71°
Index ranges -18<=h<= 18; -23<=k<=20; - 
22<=1<=22
Reflections collected 85847
Independent reflections 9621 [R(int) = 0.1469]
Reflections observed (>2ct) 5969
Data Completeness 0.996
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.97 and 0.87
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9621/0 /749
Goodness-of-fit on F2 1.043
Final R indices [I>2a(I)] R i=  0.0543 wR2 = 0.1160
R indices (all data) R i=  0.1055 wR2 = 0.1419
Largest diff. peak and hole 0.489 and -0.623 eA'3
A p p e n d ix  B
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Reaction between CpMo(CO)3I and Ag[CBn H12] eventually 
affords CpMo(CO)3(tj1-CB1iH12), via the dimeric compound 
[CpMo(CO)3I-Ag{CBu Hi2}]2 which represents the first 
structurally characterised intermediate in a silver salt 
metathesis reaction.
The ubiquitous silver halide metathesis reaction, used to 
generate vacant sites on a metal fragment, finds application in 
many transition metal-mediated reactions, especially in situ 
catalyst generation.1 Typically, the counter ion paired in such 
transformations is triflate, [OTf]- , [BF4]-  or [PFg]- , and halide 
metathesis is considered to be rapid. Over ten years ago, Reed 
and coworkers reported2 that very weakly coordinating anions, 
such as the monocarborane [c/oso-CBnH12]- ,3 could dramat­
ically slow the rate o f metathesis when paired with Ag+, 
suggesting that the exceptionally low nucleophilicity o f the 
anion was a limiting factor in these reactions. Reaction between 
CpFe(CO)2I (Cp = ti5-C5H5) and Ag[CBn Hi2] was proposed 
(by ‘H NMR and IR data) to proceed through an intermediate 
adduct, CpFe(CO)2I Ag[CBn Hi2], similar to Mattson and 
Graham’s4 proposed intermediate adduct, formed between 
CpFe(CO)2I and Ag[BF4]. However, neither o f these transient 
species (or other related5 compounds) have been placed on a 
firm structural footing. Given the widespread use o f the silver 
salt metathesis reaction, the identity o f the intermediates in 
these reactions is o f significant interest.
We have a current interest in the transition metal chemistry 
associated with carboranes such as [CBnHi2]- , and as part of  
this investigation have been studying the reactions o f CpMo- 
(CO)3X (X = Cl, I) with Ag[CB! iH i2] and derivatives, with the 
anticipation o f forming complexes via extrusion o f AgX. We 
report here, the isolation and full characterisation, including the 
X-ray crystal structure, o f the intermediate formed in this silver 
salt metathesis reaction.
Reaction between CpMo(CO)3Cl and Ag[CBnH i2] in 
CH2C12 over 2 days resulted in the precipitation of AgCl and the 
isolation, in essentially quantitative yield, o f CpMo(CO)3(r]1- 
CBn H 12) 2 (Scheme 1). Compound 2 has been fully charac­
terised by multinuclear NMR spectroscopy! and by an X-ray 
diffraction study6 and shows the expected2 3c-2e M o-H -B  
agostic bonding. Compound 2 displays two CO stretching 
modes in its IR spectrum, at 2071 and 2001 cm-1 . Monitoring 
the reaction by IR spectroscopy showed that the reaction 
proceeded through an intermediate species [as found for 
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observed in the reaction mixture. Moving to CpMo(CO)3I 
resulted in a slowing down o f the reaction, so that formation of 
2 now took 7 days, while after ca. 3 h o f stirring there was only 
one component in the reaction mixture, which displayed IR 
stretches at 2054 and 1973 cm-1 , intermediate between the 
starting material and product. Monitoring this reaction by IR 
and 'H NMR spectroscopies showed that this was indeed an 
intermediate species, continued stirring for 7 days resulting in 
the clean formation o f 2. Careful recrystallisation o f this 
intermediate overnight at — 30 °C afforded small red crystals in 
reasonable isolated yield (50%), which were pure by IR, 
microanalysis and NMR spectroscopy,! and shown by X-ray 
diffraction§ to be [CpMo(CO)3I A g{C BnH i2}]2 1: the first 
structurally characterised intermediate in a silver salt metathesis 
reaction.
The solid state structure o f 1 is shown in Fig. 1. It is apparent 
that it adopts a centrosymmetric dimeric structure, with an I-  
A g-I-A g central core hinged around the M o (l)-I (l)-I (lA )-  
M o(lA) vector by 123.2°. The two Ag-I lengths are sig­
nificantly different, A g (l)-I (l)  2.9748(10) A and A g(l)-I(1A ) 
2.7599(9) A. While similar central cores to 1 are known,7-8 the 
presence o f two additional [M ]-I-A g bridges appended to such 
a motif is unprecedented. However, there are silver adduct 
species o f transition metal halides that show similar features,9 
such as the recently reported complex [{TpRe(NC6H4Me- 
p)(Ph)I}2Ag][PF6] 10 [Tp = tris(pyrazolyl)borate] in which 
silver bridges two {[Re]-I} fragments. The carborane anion is 
intimately connected with silver, showing a short (1.96 A) A g- 
H-B interaction [A g(l)-B (12) 2.659(10) A], The cages are 
orientated syn to one another with respect to the M o-I-I-M o  
vector, leaving the silver atoms with an apparent vacant 
coordination site. Inspection o f the packing diagram for 1 
reveals that this site is occupied by another short (1.96 A) A g- 
H-B interaction arising from an adjacent carborane cage in the 
lattice, meaning that each cage bridges two silver centres 
[through H(12) and H(7)]. This results in a chain-like structure
F ig . 1 S tructure o f  the d im er ic  u n it  in  c o m p le x  1. A to m  la b e ls  su ffix e d  ‘A ’ 
are g en era ted  cry sta llo g r a p h ic a lly . H y d ro g en  a to m s [e x c e p t  H (7 )] are 
o m itted  fo r  c la r ity . S e lec te d  b o n d  len g th s  (A) and a n g le s  (°): M o ( l ) - I ( l )  
2 .8 5 9 9 (8 ) ,  A g ( l ) —1(1) 2 .9 7 4 8 (1 0 ) ,  A g ( l A ) - l ( l )  2 .7 5 9 9 (9 ) ,  A g ( l ) - B ( 7 )  
2 .6 5 9 (1 0 ) ,  A g ( l ) - H ( 7 )  1 .96; A g (  1 > -I( 1 ) - A g (  I A )  7 1 .1 9 (3 ) ,  I ( l ) - A g ( l ) -  
1(1 A )  9 7 .1 0 (3 ) .
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F ig . 2 E x ten d ed  so lid  state  structure o f  1 v ie w e d  a lo n g  th e crysta l lo g ra p h ic  
‘a’ a x is.
along the ‘a' axis in the crystal (Fig. 2). A similar bridging motif 
has been observed in the simple salt Ag[CBnHi2]-2C6H6,2 
while dimeric structures formed ffom single A g-H -B  inter­
actions have also been reported.11-12
Although it is unlikely that this polymeric structure persists 
on dissolution in CH2C12, evidence for coordination of the 
carborane cage to Ag in solution comes ffom inspection o f the 
n B NMR spectra. The room temperature I1B {1H} NMR 
spectrum (128 MHz) shows two peaks at S —11.1 and —14.6 in 
the ratio 1:10 (latter peak a 5 + 5 coincidence), significantly 
different ffom the free anion (vide infra), the unique boron 
resonance being shifted upfield by ca. 5.5 ppm with respect to 
Ag[CBu H12] [S“B -5 .4  (IB), -1 0 .6  (5B) and -1 2 .3  (5B) in 
cU-acetone]. This chemical shift difference suggests sustained 
A g-H -B  interaction(s) in solution and is consistent with the 
observed A g-H -B contacts in the solid state. In the room- 
temperature 'H {l lB} NMR spectrum the unique BH is 
observed at 8 2.12 and shifts slightly to 8 1.92 on cooling to 
—90 °C, showing no Ag-H coupling, although such interactions 
are rarely observed. The 109Ag NMR spectrum displayed a 
single sharp line at 81335, shifted significantly downfield ffom 
the normal range (5"»Ag ca. 500) expected for Ag(i) centres.13
Overall metathesis can be dramatically suppressed in this 
system by moving to the less nucleophilic and sterically bulkier 
carborane anion Ag[CBnH6Br6]. Stirring for 1 h results in the 
clean formation of the analogous intermediate complex to l , 14 
but, surprisingly, no subsequent metathesis was observed, even 
after extended stirring for 7 days. This result is in accord with 
the previous observation that the relative nucleophilicity o f the 
conjugate anion in these reactions is rate determining.2 
Nevertheless, the cessation o f this reaction at the intermediate 
stage is, to our knowledge, without precedent. It should be 
noted, however, that metathesis does not proceed to completion 
when Vaska’s complex and Ag[CBnHi2] are combined, but in 
this system a strong Ag-Ir bond is formed instead,15 very 
different ffom the structure o f 1.
In summary, we have presented here the first fully charac­
terised (NMR, X-ray diffraction) intermediate in a silver salt 
metathesis reaction, and found it to have a dimeric {[M o]-I}~  
A g-{[M o]-I}-A g core in the solid state. This result leads us to 
speculate upon the motifs accessible using combinations o f 
other CpML„Xj, fragments and monocarborane anions, and we 
are currently actively pursuing this. Moreover, the lack o f 
metathesis consummation with Ag[CBnH6Br6] demonstrates 
that there is a significant degree of kinetic control in a reaction 
that is normally considered very facile. This has potential 
implications for the synthesis o f transition metal complexes
bearing very weakly coordinating anions via silver salt 
metathesis.
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Synthesis and characterisation of {Mo(ti-L)(CO)3}+ (ij-L  =  C5H 5 or 
C5Me5) fragments ligated with [CBnH 12]_ and derivatives. Isolation 
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The synthesis of {Mo(t|-L)(CO)j}+ (q-L = CjH5 or CsMe5) fragments, ligated to the mono-anionic, weakly 
co-ordinating, carboranes [c/ojo-1-CBuH12]“ and [c/ojo-CBhB^HJ- , has been investigated. Treatment of 
[MoCp(CO)3X] (X = Cl or I) with Ag[CBuH12] eventually affords the zwitterionic complex [MoCp(CO)3- 
(x-p-H-l-CB„H12)] (x = 12 or 7), via an intermediate dimeric species [MoCp(CO)3X-Ag(CBnH12)]2. For X = I 
this intermediate has been characterised by *H, "B NMR spectroscopy and X-ray crystallography and 
represents the first structurally characterised intermediate in a silver salt metathesis reaction. When the less 
nucleophilic carborane [CBnBrgHJ- (as its silver salt) is used metathesis is halted at the intermediate stage, 
affording the complex [MoCp(CO)3I-Ag(CBuBr6H6)]2. Silver salt metathesis does not proceed using the 
sterically more demanding [Mo(Cp*)(CO)3I], with only intractable products isolated. The carborane 
anion can be introduced into the co-ordination sphere of this complex by reaction of [HCOEtjJJICBuHjJ with 
[Mo(Cp*)(CO)3Me] affording [Mo(Cp*)(CO)3(jc-p-H-l-CBnH12)] (x = 12 or 7). All new compounds 
have been characterised by multinuclear NMR spectroscopy and X-ray crystallography.
Introduction
The use of mono-anionic icosahedral carboranes as candidates 
for the ‘least co-ordinating’ anions has been championed by 
work from the groups of Reed1 and Strauss.1 Elegant demon­
strations of the high chemical inertness and low nucleophilicity 
of these anions has recently been demonstrated by the isolation 
of protonated benzene as a weighable, room temperature stable, 
crystalline solid3 and the use of perfluorinated [1-Et-CBnF,,]" 
to isolate normally inaccessible organometallic compounds.4 
However, to date, there have been few studies associated with 
the co-ordination chemistry of [CB„H12]- , and its derivatives, 
with transition metal fragments. This is perhaps surprising 
as many academically and commercially relevant processes 
rely on the generation, and subsequent stabilisation, of 
Lewis acidic fragments. Studies of the chemistry of [CB,,H12]~ 
associated with Group 4,5 86 and 107 cations have appeared, 
while related chemistry utilising mono- and di-anionic rhena- 
carboranes has recently been reported by Stone and co- 
workers with respect to reactivity with transition metal 
fragments.8 Compared to the other major, now ubiquitous, 
least co-ordinating anion [BArf]',9 and derivatives thereof 
[BArf = B(C6Fs)4 or B{C6H3(CF3)2}4], the transition metal 
chemistry associated with [CBnHjJ' is underdeveloped. With 
this in mind we are interested in using carborane anions as 
weakly co-ordinating anionic ligands, stabilising reactive Lewis- 
acidic metal fragments by offering a ‘virtual co-ordination 
site’.10
In this investigation we have initially chosen [Mo(q-L)- 
(CO)3X] as one of the systems to study. The ability systematic­
ally to vary the ancillary n ligands (e.g. q-L = Cp or Cp*) and 
the nature of X (e.g. Cl, Br, I, H or Me) in this species, coupled 
with the spectroscopic handle afforded by the carbonyl groups, 
made this an attractive system. In addition, work by Beck,11,12 
on a series of [Mo]-FBF3 compounds {[Mo] = Mo(Cp)(CO)2L,
lAg] [Ag]
[Mo] Br
\ — -Ag Br
,Br Br^ I \
/m  / 9 \
Br Br [Mo]
[Mo] = [CpM o(CO )3)
S c h e m e  1
L = 2 electron ligand} and the recent report of hydride transfer 
reactions in [Mo(q-L)(CO)3H] and related compounds to 
afford reactive 16 electron cationic complexes of the type 
[Mo(q-L)(CO)3]+ 13 present a firm base with which to compare 
and contrast the systems under investigation. Aspects of this 
work have been reported previously as a communication.14
DOI: 10.1039/b008222h J. Chem. Soc., Dalton Trans., 2001, 277-283 
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F ig . 1 S o l id  s ta te  str u c tu r e  o f  c o m p le x  1 s h o w in g  th e  a to m  la b e ll in g  
s c h e m e  u s e d . T h e r m a l e ll ip so id s  are  sh o w n  at th e  30%  p r o b a b ility  lev e l.
Results and discussion
Treatment of [MoCp(CO)jCl] (Cp = t|-C5H5) with one equiv­
alent of Ag[CB,,H1J, A (see Scheme 1), in CH2C12 while moni­
toring the CO stretching region of the IR spectrum over a 
period of 30 minutes initially shows the replacement of the two 
stretching bands associated with the starting material (2056 and 
1977 cm-1) with two stretching bands at higher frequency (2064 
and 1980 cm"1). Continued stirring for 2 days results in these 
latter peaks being replaced by ones at even higher wavenumber 
(2071 and 2001 cm"1) and the concomitant formation of AgCl 
precipitate. This final product was identified as the zwitterionic 
compound [MoCp(CO)j(x-n-H-l-CB„Hn)], 1 (see Scheme 1, x = l or 12), formed in good yield as the only organometallic 
product. Compound 1 has been characterised by multinuclear 
NMR spectroscopy and X-ray crystallography.
The solid state structure of compound 1 is shown in Fig. 1, 
and salient bond lengths and angles are given in Table 1. The 
molecule adopts a four-legged piano-stool geometry, with the 
carborane anion bonded to Mo by a single 3-centre 2-electron 
(3c-2e) B-H-M o bond, affording the metal centre an overall 18 
EAN count. The hydrogen atom associated with the antipodal 
boron atom [H(12)J was located in the difference map and 
freely refined. Bond lengths and angles in the cage anion are 
unremarkable. The cage interacts with the Mo centre via the 
antipodal B-H linkage, B(12)-H(12) (M o(l)- • • B(12) 3.003(3) 
A], in accordance with this being the most basic region in the 
cage, that is it is the vertex most susceptible to electrophilic 
attack.15 Although the C atom was unambiguously located in 
the solid state structure, caution should be exercised when 
translating this to the solution state structure. This is demon­
strated when the NMR spectroscopic data for complex 1 are 
taken into account (see below) which show the presence of two 
isomers in solution. Such potential ambiguity between solution 
and solid state structural assignment has previously been noted 
in related systems.16 The antipodal cage B-H bond [H (12)] is 
canted off the B(12)-C(l) vector by 18(1)°, allowing efficient 
overlap between the bonding a electron pair with a suitable 
orbital on the molybdenum centre in addition to minimising the 
steric interactions between the cage and the metal-ligand set. 
The M o-H -B angle, at 152(2)°, also reflects this scenario. Other 
structures which have similar monodentate M o-H -B linkages 
where cage hydrogen atoms have also been refined, show similar 
M -H -B angles, viz. [Fe(Cp)(CO)2(CB„H12)] 141(2)° and 
[Fe(TPP)(CB,, H12)] (TPP = tetraphenylphorphyrinate) 151(2)° 6
The solution spectroscopic data for compound 1 are in broad 
agreement with the solid state structure. The IR spectrum 
shows the expected two CO stretching bands (A, + E), at 2071 
and 2001 cm"1 (average 2036 cm"1) shifted to higher frequency 
than those from [MoCp(CO)jCl]. The bridging M o-//(12)- 
B(12) atom is observed as a very broad stretch centred around 
2240 cm”1 (2243 cm”1 in the solid state, see Experimental 
section). These vco values can be compared with those found 
for [MoCp(CO)3(FBFj)] at 2067 and 1975 cm"1 (average 2021 
cm"1) and [MoCp(CO)3(FSbFs)] at 2079 and 2001 cm"1 (aver-
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age 2040 cm '1).11 Both of these latter complexes contain weakly 
co-ordinated anions, and on a ranking ionicity scale of the 
[M]+ • • • [Y]" interaction using CO stretching frequencies as a 
guide CBuH12 fits in between SbF6 and BF4 in this system. This 
order matches that found previously in FeCp(CO)2Y (Y = 
non-co-ordinating anion).17 The ‘H -^ B } NMR spectrum of 1 
displays two peaks in the Cp region, in an approximate 1:2.5 
ratio; signals are also observed due to cage C-H and B-H 
groups and a single, slightly broad, peak at 5 -15.11 is assigned 
to M o-//-B . This latter signal is observed as a partially 
collapsed quartet in the •H NMR spectrum with a reduced B-H 
coupling constant [/(BH) 87 Hz], as expected for a B-H-M  
bond. This peak is at unusually high field relative to that 
expected for B-H-M  linkages (5 - 5  to -11 ), similar to that 
which has been noted previously in related systems.8* On cool­
ing to -9 0  °C the ratio of Cp resonances does not change but, 
due to thermal decoupling at lower temperatures, the high field 
resonance now is observed as two sharper peaks in the 1H-{,,B} 
NMR spectrum (Fig. 2) in the same ratio as the two Cp reson­
ances. We assign these two sets of peaks to positional isomers in 
which the CB„H12 cage is either bonded to the metal via the 
antipodal B(12)-H(12) bond or via a B-H linkage on the lower 
pentagonal belt. The observation of isomers in [FeCp- 
(CO)2(CB„H12)] and [FeCp(CO)2(CB9H10)] has previously been 
noted by Strauss and co-workers.16 For the latter, the two 
species are assigned as isomers in which the carborane bonds 
to the metal centre through an antipodal and a single lower 
pentagonal belt hydrogen atom respectively. Confirmation of 
the isomeric pair in 1 comes from inspection of the 11B-{1H} 
NMR spectrum. The major peaks observed are due to a Cs 
symmetric carborane (assigned to the 12 isomer, assuming free 
rotation around the M o-H -B vector) at d -10 .4  (1 B) —11.7 
(5 B) and -13 .9  (5 B) as well as less intense peaks, at 5 -4 .7  and 
-18 .6 , which we tentatively assign to the 7 isomer. The other 
signals for this isomer are presumably masked under the reson­
ances for the major isomer. Coupling constants and chemical 
shifts are in accord with this formulation. For the 12 isomer the 
unique antipodal B-H appears to have a reduced coupling con­
stant [y(HB) ca. 90 Hzj, although as this peak appears as a 
shoulder to a larger high field peak this value should be treated 
with caution. This antipodal B-H coupling may be better 
gleaned from the !H NMR spectra (see above). Reduced 7(HB) 
coupling constants have ample precedent as being diagnostic of 
M -H-B co-ordination,18 while this signal is also shifted some 
6 ppm upfield from Ag[CB,,H12], also indicative of {B-H} 
co-ordination. This upfield shift on exo co-ordination of 
an anionic borane has been observed previously.19,20 For the 7
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isomer, the antipodal B atom resonates at S -4 .7 , similar to 
that found for CsCBnHu, while a peak integrating to 1 B at 
<5 -18 .6  is assigned to 5(7)-H(7)-Mo which also exhibits a 
correspondingly smaller coupling constant [/(HB) 68 Hz].
Warming a sample of compound 1 in d8-toluene to 80 °C 
resulted in coalescence of the two Cp peaks, demonstrating 
chemical exchange of the isomers, while the high field reson­
ance at S ca. -1 5  did not shift appreciably. Further con­
firmation of this exchange process comes from a !H EXSY 
experiment (EXchange SpectroscopY), which shows clear 
exchange cross peaks between the two Cp resonances. Thus the 
12 and 7 isomers in complex 1 are in slow exchange with one 
another in solution.
It is interesting to compare the chemical robustness of 1 with 
the complexes previously prepared by Beck, such as [MoCp- 
(CO)3(FBF3)], which are extremely moisture sensitive and must 
routinely be handled at low temperature.12 By contrast, 1 is 
stable at room temperature and can withstand handling in air 
for appreciable amounts of time. However, both compounds 
show similar frequencies for their CO stretching bands, suggest­
ing that both [BFJ- and [CBnH12]_ possess similar weakly co­
ordinating properties. This difference in chemical behaviour 
may arise either because the cage affords some kinetic stabilis­
ation by virtue of its steric bulk or is intrinsically more strongly 
bound to the metal centre than [BF4]~. In support of this 
hypothesis, the cage anion in 1 is only replaced by strong 
nucleophiles such as chloride, weaker nucleophiles such as 
acetone or water leaving 1 unchanged after 30 minutes (accord­
ing to NMR spectroscopy), while a strong M o-H-B interaction 
is evidenced by the high field chemical shift and small value 
of 7(BH) associated with H(12). Although spectroscopic 
measurements can provide a valuable comparative guide to the 
weakly co-ordinating properties of this class of anion, it is 
apparent that, in this system at least, this may not necessarily be 
a unique guide to the chemical properties o f the system.
Having established the identity of the final product in this 
metathesis reaction our attention now turned to the inter­
mediate species observed. Although intermediates have been 
observed in silver salt metathesis before, notably by Mattson 
and Graham,21 it was the work of Reed and co-workers6 that 
first highlighted the role of the counter ion in such reactions, 
observing by IR spectroscopy the formation of an intermediate 
adduct species, postulated as [FeCp(CO)2I*AgCB„H,J. It was 
suggested that the low nucleophilicity of the carborane counter 
ion resulted in the relatively long lifetime of this intermediate 
species. The corollary of this theory is that the anion is 
intimately involved in the rate-determining step in metathesis. 
However, to our knowledge, such intermediates have never been 
put on a firm spectroscopic or structural footing. Given the 
observation of an intermediate species in the reaction of 
[MoCp(CO)3Cl] with Ag[CB,,H,J to afford 1, we sought 
further to characterise this product. For the chloride species, IR 
spectroscopy revealed that the intermediate was never the sole 
component in solution. Moving to [MoCp(CO)3I] resulted in a 
slowing down of this reaction (presumably a consequence of 
the reduced thermodynamic driving force of Agl formation 
over AgCl), so that complete metathesis took 7 days, and that 
after 30 minutes the only component of the reaction mixture 
was the intermediate species. Cessation of the reaction at this 
point, by cooling, followed by recrystallisation at low temper­
ature afforded the intermediate species [MoCp(CO)3I-Ag- 
{CBnH12}]2, 2, in ca. 50% isolated yield as a red crystalline 
solid. Compound 2 was fully characterised by X-ray crystal­
lography, multinuclear NMR spectroscopy, IR and micro­
analysis.
The solid state structure of compound 2 is shown in Fig. 3, 
with relevant bond lengths and angles in Table 1. The molecule 
adopts a crystallographically imposed C2 dimeric structure, 
with each of the silver atoms bonded to an iodine from each of 
the {CpMo(CO)3I} fragments. The central core is hinged
Table 1 Selected bond lengths (A) and angles (°) for compounds
1 to 4
C o m p o u n d  1
M o ( l ) - C ( 2 )  
M o ( l ) - C ( 4 )  
C ( 3 ) - 0 ( 2 )  
M o ( l ) - H ( 1 2 )  
M o ( l )  • • • B (1 2 )
2 .0 1 1 (3 )
2 .0 1 7 (3 )
1 .1 2 3 (3 )
1 .9 0 (3 )
3 .0 0 3 (3 )
M o ( l ) - C ( 3 )
C ( 2 ) - 0 ( l )
C ( 4 ) - 0 ( 3 )
B ( 1 2 ) -H (1 2 )
2 .0 0 7 (3 )
1 .1 2 7 (3 )
1 .1 2 5 (3 )
1 .1 8 (3 )
M o ( l ) - B ( 1 2 ) - C ( l ) 1 7 6 .4 (1 ) M o (  1 ) - H (  12 ) - B (  12) 1 5 2 (2 )
C o m p o u n d  2
M o ( l ) - C ( 2 )
M o ( l ) - C ( 4 )
C ( 2 ) - 0 ( 2 )
C ( 4 K > ( 4 )
K l ) - A g ( l )
A g ( l ) - B ( 7 )
1 .9 9 7 (1 0 )
2 .0 2 7 (9 )
1 .1 5 9 (1 2 )
1 .1 3 4 (1 1 )
2 .9 7 4 8 (1 0 )
2 .6 5 9 (1 0 )
M o ( l ) - C ( 3 )
M o ( l H ( l )
0 ( 3 ) - C ( 3 )
A g ( l ) - H ( 7 )
A g ( l ) - I ( 1 A )
2 .0 0 0 (1 0 )
2 .8 5 9 9 (8 )
1 .2 2 (1 1 )
1 .9 6
2 .7 5 9 9 (9 )
A g (  1 A ) - I (  1 ) - A g (  1) 7 1 .1 9 (3 ) I( 1)—A g (  1)—1( 1 A ) 9 7 .1 0 (3 )
C o m p o u n d  3
M o ( l ) - C ( 2 )
M o ( l ) - C ( 9 )
C ( 8 ) - 0 ( l )
M o ( l ) - I ( l )
A g ( l H d )
A g ( l ) - B r ( 2 )
2 .0 8 (3 )
2 .0 3 (3 )
1 .1 3 (3 )
2 .8 6 5 (2 )
2 .7 7 8 (3 )
2 .7 7 1 (3 )
M o ( l ) - C ( 8 )
C ( 2 ) - 0 ( 2 )
C ( 9 ) - 0 ( 3 )
A g ( l ) - I ( l ) '
A g ( l ) - B r ( l )
1 .9 9 (2 )
1 .0 9 (3 )
1 .0 5 (3 )
2 .9 8 0 (3 )
2 .8 0 3 (3 )
A g ( l ) - I ( l ) - A g ( l ) '  
B r( 1 ) - A g (  1 ) -B r (2 )  
A g ( l ) ' - I ( l ) - M o ( l )
8 1 .4 1 (8 )  
8 7 .2 4 (8 )  
1 1 4 .2 0 (7 )
I ( l ) - A g ( l H d ) '
A g ( l H ( D - M o ( l )
9 8 .5 9 (8 )
1 0 7 .8 7 (7 )
C o m p o u n d  4
M o ( l ) - C ( 2 )
M o ( l ) - C ( 4 )
C ( 3 K > ( 2 )
M o ( l ) - H ( 1 2 )
M o ( l ) - B ( 1 2 )
1 .9 8 8 (3 )
2 .0 4 9 (3 )
1 .1 2 8 (4 )
1 .9 7 (5 )
2 .9 6 9 (3 )
M o ( l ) - C ( 3 )
C ( 2 ) - 0 ( l )
C ( 4 ) - 0 ( 3 )
B ( 12)—H (  12)
2 .0 3 4 (3 )
1 .1 4 6 (3 )
1 .1 2 4 (3 )
1 .0 7 (5 )
M o ( l ) - B ( 1 2 ) - C ( l ) 1 6 8 .4 (1 ) M o (  1 ) - H (  12 ) - B (  12) 1 5 4 (4 )
Mo(1A)
F ig . 3  S o lid  s ta te  stru c tu re  o f  c o m p le x  2 . H  a to m s, a p a rt fro m  H (7 ) ,  
are o m it te d  fo r  c lar ity . E q u iv a le n t  a to m s  g e n e r a te d  b y  th e  o p e r a t io n  
—x  +  t, —y, z. O th e r  d e ta ils  a s  in  F ig . 1.
around the Mo(l A)-I(l A )-I(l)-M o(l) vector by 123.3°, and has 
significantly different Ag-I bond lengths, A g(l)-I(l) 2.9748(10) 
and Ag( 1)—1( 1 A) 2.7599(9) A. This difference in Ag-X distances 
in {Ag2X2} fragments has been observed previously,22 while the 
Ag-I bond lengths are a little longer and shorter respectively 
than found in similar {I-Ag-I} fragments.23 There are silver 
adduct species of transition metal halides that show similar 
features as to those of 2, such as the recently reported, ion pair 
separated, [{ReTp(NC6H4Me-/;)(Ph)I}2Ag][PF6]24 [Tp = tris- 
(pyrazolyl) borate] in which a single silver bridges two {[Re]—I} 
fragments. However, to our knowledge, 2 is the first example of 
a {Ag2X2} motif with appended metal fragments. The Mo-I 
bond distance in 2 lies within the expected range.25 In the 
dimeric unit in 2 each silver has a close contact with a carb-
J. Chem. Soc., Dalton Trans., 2001, 277-283 279
F ig . 4  T h e  c r y sta llo g r a p h ic  p a c k in g  d ia g r a m  fo r  c o m p le x  2  v iew e d  a lo n g  th e  a a x is, sh o w in g  th e  e x te n d ed  c a t io n - a n io n  in te r a c tio n s  in  th e  so lid
state .




0 - 5  - 1 0  - 1 5
F ig . 5  C o m p a r a tiv e  " B  N M R  ‘s t ic k ’ d ia g r a m  o f  c o m p le x e s  1 , 2  an d  
A g [C B n H ,J .
orane anion via a B-H-Ag 3c-2e interaction, B(7)-H(7)-Ag(l) 
1.96 A (Ag(l)-B(7) 2.659(10) A]. This distance is slighter longer 
than that observed in the recently reported complex [2,2,2- 
(CO)i j-2-PPhr 7,12-(|i-H)2-7,12- {Ag(PPh,)} -closo-2,1 -MoCB,0- 
H9], in which the {Ag(PPh,)}+ fragment is ligated in a dihapto 
manner on the surface of the cage.26 The apparently vacant 
site around each silver atom in compound 2 is filled by an 
intramolecular Ag-H-B interaction. In particular, H(12) inter­
acts with an adjacent silver [H(12)-Ag(r) 1.96 A] to form a 
ribbon of alternating cation and bridging anions (Fig. 4). This 
bridging mode has been observed previously in the simple 
silver salt of [CBUH12]-, Ag[CB,,H12]-2C6H6.27 The Ag-H and 
Ag-B bond distances therein are similar to those found in 
complex 2.
Although it is unlikely that the polymeric structure in com­
plex 2 persists in solution (CH2C12), evidence for interaction 
between the cage and silver comes from inspection of the NMR 
spectroscopic data. The 'H-{UB} NMR spectrum shows only 
one Cp resonance, at S 5.75, with the expected peaks due to 
C-H and B-H groups observed in the range <5 2.56 to 1.86. 
No high field resonances were observed, even on cooling of 
the sample to -8 0  °C. The room temperature 11B NMR 
spectrum shows two peaks at 6 —9.11 and -12.65 in the ratio 
1:10 (the latter peak representing a 5 + 5 coincidence), indicat­
ing C5 symmetry in solution, and thus rapid site exchange of 
Ag-H-B interactions. These resonances are significantly shifted 
relative to those of ‘free’ Ag[CB„H12]. This change is better 
seen in a stick diagram (Fig. 5), which shows the relationship 
between the "B resonances of 1, 2 and Ag[CB,,H12]. The boron 
atoms that are involved in bonding to the metal centre (either 
Ag or Mo) are shifted upfield. Thus in 1 (only the 12 isomer is 
shown) only the unique boron atom resonance is shifted appre­
ciably. Evidence for B-H interactions in 2 is demonstrated by 
both the upfield shift of B(12) from that found for Ag[CB,,H12] 
(A5ub ca. 4 ppm) and the boron atoms associated with the lower 
pentagonal belt (At$nB ca. 2 ppm). In agreement with this obser­
vation, the B-H coupling constant in 2 for the unique boron
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atom is slightly smaller than that found in Ag[CB„H12] (119 vs. 
125 Hz respectively). These chemical shifts suggest that in solu­
tion both the antipodal and lower pentagonal belt B-H groups 
interact with Ag, similar to the q2-bidentate co-ordination 
found in (Rh(COD)(CB„H12)] in which the {Rh(COD)} + 
fragment is fluxional over the surface of the cage.2* Further 
evidence for this unusual central core in solution comes from 
the ,09Ag resonance for 2, d 1335, which is significantly 
shifted from that normally found for silver(i)29 complexes [ca. 
5 500].
In order conclusively to prove that complex 2 is an inter­
mediate on the pathway to 1 the reaction between [MoCp- 
(CO)3I] and Ag[CBuH12] in CD2C12 was monitored by 'H 
NMR spectroscopy. The time dependent concentration profile 
of this reaction is shown in Fig. 6. This clearly shows the rapid 
formation of 2 and its gradual disappearance with concomitant 
growth of complex 1. The mass balance of the system remains 
constant showing that 2 converts smoothly into 1.
Having prepared complex 1, via the intermediate species 2, 
we were interested in investigating the silver salt metathesis 
reaction of [MoCp(CO)3X] with the even more non-nucleo- 
philic, more weakly co-ordinating anion [CBnBr6H6]~, B. Reac­
tion of [MoCp(CO)3Cl] with Ag[CB,,H12] did not result in any 
observable reaction by IR, only unchanged starting materials 
returned after 7 days stirring at room temperature. The parallel 
reaction using [MoCp(CO)3I], with the softer iodide atom, 
resulted in a gradual shift to higher wavenumber of the CO 
stretching bands over ca. 1 hour, moving to 2055 and 1975 cm '1 
which are very similar, but slightly higher, than those found 
for 2. 'H, "B NMR spectroscopy and X-ray crystallography 
characterised this new species as [MoCp(CO)3FAg(CBnBr6- 
H6)]2,3 .
The solid state structure of complex 3, shown in Fig. 7, bears 
close similarities with that found in 2, with a centrosymmetric 
central {Ag2I2} core appended with two {CpMo(CO)3I} frag­
ments and two bidentate CBuBr6H6 cages. The two metal 
fragments are orientated trans with respect to one another and
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the central {Ag2I2} core. This central core in 3 is planar, unlike 
that in 2. In fact the {Ag2I2} rhomboid is similar to that found 
in [Ag2X2(PPhj)4]M (X = C1 or Br) which also contains four- 
co-ordinate silver. The hexabromocarborane co-ordinates 
to the silver atoms in a bidentate manner reminiscent of 
that found in the simple silver salts AglCBuHjCy-QHg,10 
Ag[l-CH3-CB,,Br,0H]-C6H4Me2-p.31 The Ag-Br bonds lengths 
in 3 [Ag( 1)—Br( 1) 2.803(3), Ag(l)-Br(2) 2.771(3) A] are slightly 
shorter than generally found for both AgfCBuB^HJ and 
related complexes31,32 and dibromoalkane complexes of silver.10
The 1H NMR spectrum of complex 3 shows two Cp reson­
ances, in the approximate ratio 1:8, at 6 5.84 and 5.73 respect­
ively, with a broad peak having a high field shoulder centred at S 2.79 assigned to the cage C-H resonances. The 109Ag NMR 
spectrum also shows two peaks, in the same approximate ratio 
as found in the *H NMR spectrum, at 5 1335 (relative intensity 
8) and 1325 (1). We assign these pairs of peaks to two isomers 
in solution, one in which the Cp groups are trans and the other 
in which the Cp groups are cis to one another, with respect 
to the central {Ag2I2} core. Both of these isomers retain equiv­
alent Cp groups in solution (local C2 and C2v symmetry respect­
ively), assuming facile libration around the M o(l)-I(l) bond, 
consistent with the NMR data. The 11B NMR spectrum 
displays three resonances in the ratio 1:5:5, suggesting either 
dissociation of the carborane in solution or rapid site exchange 
of Ag-Br-B interactions. Support of the latter comes from the 
observation of very similar 109Ag NMR chemical shifts for 3 
and 2 implying similar structures in solution. Dissolution of 
crystalline 3 generates an identical spectrum, with the same 
ratio of isomers observed.
Complex 3 remains unchanged when in CH2C12 solution for 7 
days, with no metathesis product or decomposition observed 
(by *H NMR and IR spectroscopy). This is consonant with the 
low nucleophilicity of [CBnBrjHJ' and the involvement of the 
anion in the rate-determining step in silver halide metathesis, by 
effectively halting metathesis at the intermediate stage in 3. 
Addition of two equivalents of AgfCBuHjJ to a CH2C12 solu­
tion of 3 results in immediate change in the IR spectrum to 
afford 2 which then gradually (7 days) changes to yield 1 in 
essentially quantitative yield. This result suggests that kinetic 
factors (/.e the relative nucleophilicities of the anions) control 
the outcome of reaction in this system. Although there has been 
a recent brief report of arrested silver salt metathesis in R3SiI 
systems,1 to our knowledge this is the first fully characterised 
example involving a transition metal halide species in such a 
reaction that is clearly dependent only on the anion.
Reaction of Ag[CBnH12] with the sterically more demand­
ing [MoCp*(CO)3Cl] [Cp* = q5-C5Me5] in CH2C12 resulted in 
a move to higher wavenumbers of the carbonyl stretches in
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the IR spectrum, but the lH NMR spectrum showed at least 
5 Cp* peaks for the reaction mixture. Failing to cleanly 
abstract halide from [MoCp*(CO)3Cl], an alternative method 
of introducing the carborane anion in to the co-ordination 
sphere was needed. Spencer and co-workers have demon­
strated that reaction of [HfOEt^JlCBuHjJ with [PtR2(L-L)] 
(R = Me or CH2Bu‘, L-L = bidentate phosphine) affords 
complexes in which the carborane is q2 ligated through two 
B-H-Pt bonds, via elimination of two equivalents of the 
corresponding alkane.7 In this spirit, reaction of [HfOEtJJ- 
[CB,,H12] with [MoCp*(CO)3Me] at -7 8  °C afforded, on 
warming to room temperature, the new complex [MoCp*(CO)3- 
(x-p-H-l-CB,,Hn)] 4 (x = 7 or 12) in essentially quantitative 
yield. The IR spectrum of this solution shows two CO stretch­
ing bands at 2057 and 1986 cm-1, with a broad weak peak at 
2229 cm-1 assigned to the M o-H-B stretch. The isolation of 
4 indicates that the failure of the silver salt metathesis is not 
due to steric hindrance in the final complex, and is perhaps 
due to steric interactions in a condensed intermediate species 
similar to 2. The solid state structure of 4 is shown in Fig. 8, 
and selected bond lengths and angles are given in Table 1. 
The carborane anion in complex 4 is bound via the antipodal 
boron atom in the expected B-H-M  3c-2e bond, with the 
bridging hydrogen atom located and freely refined. Given the 
increased bulk of the Cp* ligand it is perhaps somewhat sur­
prising that the Mo(l)-B(12) distance [2.969(3) A] is slightly 
shorter than in I. The only gross structural difference 
between 1 and 4 is that the carborane ligand in the latter is 
tilted further away from the Cp* ring, in contrast to 1 where 
the carborane anion is closer to the Cp ring. This does not 
significantly effect the Mo-H(12)-B(12) angle which at 
154(4)° is broadly similar.
The 3H and "B NMR spectra demonstrate the presence of an 
isomeric pair in solution, as found for complex 1, which is 
assigned to [Mo(Cp*)(CO)3(x-p-H-l-CBuHu)] (x= 12 or 7). 
Thus, two Cp* peaks are observed at S 2.08 and 2.04 in the ratio 
1:3, a situation that is mirrored in the "B NMR spectrum with 
two sets of peaks also seen. As found for 1 it is the 12 isomer 
that is the major component in solution. Although the struc­
tural metrics in 4 are similar to those in 1, the increased steric 
bulk in 4 is manifested by the lower coalescence temperature for 
the fast exchange limit of the two isomers. Heating the sample 
to 40 °C (compared with 80 °C for 1) afforded a single sharp line 
in the Cp* region of the 3H NMR spectrum. The bridging 
hydrogen is observed in complex 4 as a partially collapsed 
quartet, centred at S -13 .5 , slightly to lower field than that 
found for 1 indicating a weaker (/'.£ less hydridic) M o-H-B  
bond. This signal also has a larger coupling constant [/(HB) 98 
Hz], as expected for a weaker M o-H-B interaction. Reflecting 
this less intimate M o-H-B bond compared with that in 1, add­
ition of water rapidly (<5 minutes) displaces the cage anion 
from the co-ordination sphere of the metal fragment.
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Table 2 Crystallographic data for the new complexes 1 to 4
1 2 3 4
E m p ir ic a l fo rm u la C 9H |7B , |M o0 3 C ,H ,7A g B ,,I M o O j C 9H ,,A g B | | Br6I M o 0 3 C 14H 27B mM o0 3
F o r m u la  w e ig h t 3 8 8 .0 8 6 2 2 .8 5 1 0 9 6 .2 6 4 5 8 .2 1
77K 2 9 3 (2 ) 120(2) 17 0 (2 ) 1 7 0 (2 ) K
C r y s ta l sy s te m M o n o c iin ic O rth o r h o m b ic T ric lin ic O r th o r h o m b ic
S p a c e  g r o u p P2,lc Pnna R l (n o . 2 ) P 2 .2 .2 ,
a/k 1 0 .1 4 2 5 (1 9 ) 1 3 .8 8 4 3 (4 ) 7 .7 2 0 0 (7 ) 9 .7 5 7 7 0 (1 0 )
blk 1 0 .4 8 7 5 (1 3 ) 1 5 .7 1 9 3 (4 ) 1 1 .8 3 6 0 (8 ) 1 4 .1 3 5 7 (2 )
elk 1 6 .5 1 5 (2 ) 1 8 .1 4 9 0 (6 ) 1 4 .7 5 3 0 (1 5 ) 1 6 .2 3 1 0 (2 )
aJ° 9 0 .8 7 1 (5 )
p r 9 3 .7 6 9 6 .6 7 8 (4 )
9 0 .3 5 5 (5 )
U lk1 1 7 5 2 .9 (4 ) 3 9 6 1 .0 (2 ) 1 3 3 8 .7 (2 ) 2 2 3 8 .7 7 (5 )
z 4 8 2 4
/ i / m m ' 1 0 .7 4 9 3 .1 8 6 1 1 .3 2 0 0 .5 9 8
R e f le c t io n s  c o lle c te d 4 1 5 7 7 2 8 2 110 5 2 2 59 2 1
I n d e p e n d e n t  re fle c t io n s 3801 [* ,„ . =  0 .0 1 5 0 ] 3 8 7 0  [/**,, =  0 .0 4 7 6 ] 4 6 7 9  [* ,„ , =  0 .0 9 6 7 ] 5 1 1 0  [R,* =  0 .0 2 7 6 ]
F in a l  R l ,  wR2 in d ic e s  [ /  >  2o(I)] 0 .0 2 8 9 , 0 .0 7 8 0 0 .0 5 6 3 ,0 .1 1 0 1 0 .0 9 1 7 , 0 .2 5 4 1 0.0295, 0.0859
(a ll  d a ta ) 0 .0 3 6 9 , 0 .0 8 0 6 0 .0 7 2 5 , 0 .1 1 4 5 0 .1 3 2 4 , 0 .2 8 4 4 0 .0 3 0 2 , 0 .0 8 7 0
Experimental
General
All manipulations were carried out under an argon atmosphere 
using standard Schlenk line or dry-box techniques. CH2C12 was 
distilled from CaH2, hexane from sodium.”  NMR spectra were 
measured on a Varian-400 or JEOL-270 FT-NMR spectro­
meter in CD2C12 solutions. Residual protio solvent was used as 
reference (CD2C12, 8 5.33) in >H NMR, BF3-OEt2 (external) in 
"B NMR spectra. Infrared spectra were measured on a Perkin- 
Elmer 1600 FT spectrometer. Elemental analysis was per­
formed in-house in the Department of Chemistry, University of 
Bath. The complexes [MoCp(CO)3X] (X = Cl or I),M [MoCp*- 
(CO)3Me],” Ag[CB„H12],J7 AglCBnBr^HJ6 and [HtOEtJJ- 
[CBnHl2] “  were prepared by the published literature routes or 
variations thereof.
Preparations
[MoCp(CO)3(CB11H12)] 1. From [MoCp(CO)3Cl]. The 
compounds [MoCp(CO)3Cl] (0.134 g, 0.48 mmol) and Ag[CBn- 
H12] (0.120 g, 0.48 mmol) were stirred in 30 ml of CH2C12 in the 
dark for 2 days. The solution was filtered through Celite and 
solvent removed in vacuo to leave 0.158 g (0.41 mmol, 85% 
yield) of a red-brown solid. Crystals suitable for an X-ray dif­
fraction study were grown by dissolving the solid up in the 
minimum of CH2C12, layering with hexane and then placing in 
a freezer overnight at -3 0  °C to yield 0.82 g (0.21 mmol) of dark 
red crystals: yield 44%. <5H(.ib>(400 MHz, CD2C12j 22 °C) 5.86*, 
5.79 (5H, s), 2.53 (1H, s), 1.79 (5H, s), 1.66 (5H, s) and -15.11 
[1H, partially collapsed quartet, /(BH) 87 Hz]. <5UB(128 MHz, 
CDjClj) -4.72* [IB, d, /(HB) ca. 151], -10.41 [IB, d, sh, 
/(HB) ca. 90], -11.72 [5B,d,/(HB) 151], -13.85 [5B, d ,/(H B )  
151] and -18.56* [IB, d, /(HB) 68 Hz]. Values with an asterisk 
indicate peaks of the 7 isomer. Found: C, 28.0; H, 4.4. Calc, for 
C9H17B„M o03: C, 27.9; H, 4.4%. IR (cm '1): (KBr) 2582m, 
2549m, 2243w (broad), 2067s, 1991s and 1980s; (CHjClj) 
2573m, 2230w, br, 2071s and 2001s, br.From [MoCp(CO)jIJ. The compounds [MoCp(CO)3I] 
(0.029 g, 0.080 mmol) and Ag[CBnH,2] (0.021 g, 0.84 mmol) 
were stirred in 20 ml of CH2C12 in the dark for 7 days. Work up 
was identical to that above and 0.025 g (0.064 mmol) of a 
red-brown solid was obtained in 81% yield. IR and NMR 
spectroscopic data identical to those from the previous 
method.
[MoCp(CO)3I*Ag(CB„H,2)]2 2. The compounds [MoCp- 
(CO)3I] (0.044 g, 0.12 mmol) and Ag[CBnH12] (0.030 g, 0.12 
mmol) were stirred in 30 ml of CH2C12 in the dark. After 3.5
hours the solution was filtered through Celite and solvent 
removed in vacuo in the dark, to leave 0.037 g (0.095 mmol, 79% 
yield) of a light sensitive red solid. Crystals suitable for an 
X-ray diffraction study were grown by dissolving the solid in 
the minimum of CH2C12, layering with hexane, and placing in a 
freezer overnight at -3 0  °C. <5h<iib)(400 MHz, CD2C12) 5.75 
(5H, s), 2.56 (1H, s, C ^ H ), 2.12 (1H, s, BH) and 1.86 (10H, 5+  
5 coincidence, s, BH). <51IB(128 MHz, CDjClj -9.11 [IB, d, 
/(BH) 119] and -12.65 [10B, d, 5+ 5 coincidence, /(BH) 144 
Hz], <5109Aj(19MHz, CD2C12) 1335 (s). Found: C, 17.8; H, 2.8. 
Calc, for C9H17AgB„IM o03: C, 17.4; H, 2.7%. IR (cm '1): 
(KBr) 2556m, 2531m, 2041s, 1971s and 1950s; (CHjClj) 2570m, 
2054s and 1973s br.
[MoCp(CO)3I-Ag(CB11Br6H6)]2 3. Ag[CBnBr6Hd (0.060 g, 
0.083 mmol) and [MoCp(CO)3I] (0.028 g, 0.075 mmol) were 
stirred in 20 ml of CH2C12 in the dark for 5 hours. The red 
solution formed was filtered through Celite and the solvent 
removed from the filtrate in vacuo to leave a red solid. Crystals 
suitable for an X-ray diffraction study were grown by redissolv­
ing the solid product in the minimum of CH2C12 and allowing 
slow evaporation of solvent under a flow of argon to yield 0.041 
g (0.021 mmol, yield 56%) of dark red crystals. <5H(400 MHz, 
CDjClj) 5.84 (s, peak from isomer), 5.73 (5H, s) and 2.79 (1H, 
s). <511B (128 MHz, CD2C12) -0 .7  (IB, s), -7 .86  (5B, s) and 
-17.94 [d, 5B, /(BH) 152 Hz]. <5IWAg(19 MHz, CDjCl,) 1335 (s, 
relative intensity 8) and 1325 (s, 1). Found: C, 9.18; H, 1.11. 
Calc, for QHnAgBnB^IMoO,: C, 9.86; H, 1.00%. IR (CH2- 
Cl2, cm"1): 2613w, 2055s and 1975s br.
[MoCp*(CO)3(CB„H12)] 4. The compound [H(OEt2)J- 
[CB,,H, j  (0.007 g, 0.039 mmol (assuming x = 2)) was measured 
into a pre-weighed Schlenk vessel at -7 8  °C. To this was added 
a solution of [MoCp*(CO)3Me] (0.014 g, 0.042 mmol) in 20 ml 
of CH2C12 with stirring at -7 8  °C. A change from yellow to 
orange-red was observed as the reactant mixture was allowed to 
warm slowly to room temperature. The IR spectrum indicated 
the reaction had only reached approximately 30% completion. 
A second 10 mg portion o f [H(OEtj)J[CBuHt2] was added and 
another IR spectrum taken 5 minutes later indicated all of the 
[MoCp*(CO)3Me] starting material had been consumed. The 
solvent was removed in vacuo and the ‘H NMR spectrum of the 
red solid formed indicated no starting material or excess of 
[H(OEt2)J[CBnH12] present. A "B NMR spectrum of the con­
tents of the cold trap of the Schlenk line showed the presence 
of [HfOEtjJJICBjjHjJ. The product was re-dissolved in the 
minimum of CH2C12, layered with hexane and stored in a 
freezer at -3 0  °C to afford orange-red crystals suitable for an 
X-ray diffraction study. <5,H(400 MHz, CD2C12) 2.51 (1H, s, br),
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2.08*, 2.04 (15H, s) and -13.5 [1H, partially collapsed quartet, 
/(BH) 98 Hz], <5iib(128 MHz, CD2C12) -5 .15 [IB, d, /(HB) 
128]*, -10.62 [IB, d, sh], -11.91 [5B, d, /(HB) 150], -13.94  
[5B, d, /(HB) 167] and -18.79 [1 B, d br, /(HB) ca. 65 Hz]* 
(values with an asterisk indicate peaks relating to the 7 isomer 
of the product). IR (CH2C12, cnT1): 2571m, 2229w br, 2057s 
and 1986s br.
X-Ray crystallography
The crystal structure data for compound 1 were collected on an 
Enraf-Nonius CAD4 diffractometer, those for 2, 3 and 4 
on a Nonius KappaCCD. Structure solution followed by 
full-matrix least squares refinement was performed using the 
SHELX suite of programs throughout.37 Hydrogens were 
included at calculated positions in all cases except for H 12 in 1 
and 4. In these instances the hydrogen atom was readily located 
in the penultimate difference Fourier electron density map and 
allowed to refine freely. The crystal data presented for 3 arose 
from the fourth data set collected on a crystal from the batch, in 
an effort to improve the quality of the refinement. Although the 
mosaicity of the final crystal selected (0.874°) was not excessive, 
it does not adequately reflect the poor peak profiles observed 
during data frames. However, the data quality is reflected in the 
errors on the unit cell parameters, the R values and in the 
large peak and hole that are manifest in the final difference 
Fourier map despite the small sample size and application of an 
absorption correction. A brief perusal of the thermal displace­
ment parameters of complex 4 suggests that there might 
be some libration in the pentamethylcyclopentadienyl ring. 
Unfortunately, stringent efforts to model this disorder failed 
consistently. Crystal data are summarised in Table 2.
CCDC reference number 186/2282.
See http://www.rsc.org/suppdata/dt/b0/b008222h/ for crystal- 
lographic files in .cif format.
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C helating M onoborane Phosphines: R ational and  
High-Yield Synthesis o f 
[(COD)Rh{(j/2-BH3)Ph2PCH2P P h2}][PF6] (COD =  
1,5-cyclooctadiene)
Michael Ingieson, Nathan J. Patmore, Giuseppe D. Ruggiero, 
Christopher G. Frost, Mary F. Mahon, Michael C. Willis, and Andrew S. Weller*
Department of Chemistry, University o f Bath, Bath, U.K. BA2 7A Y  
Received May 8, 2001
Summary: The rational and high-yield synthesis of 
l(COD)Rh{ (n2-BH3)Ph2PCH2PPh2 }][PF6] (1), which bears 
a chelating monoborane phosphine, is reported; the solid- 
state structure shows that the borane coordinates to the 
metal via two 2e—3c B—H—Rh bonds, which in solution 
at room temperature are fluxional between all three B -H  
bonds. Complex 1 is isolated as an air-stable crystalline 
salt, and its applicability as a catalyst in organic 
synthesis has been demonstrated in the coupling of 
boronic acids with enones.
In tr o d u c t io n
The coordination chemistry of phosphine boranes of 
the type R3P-BH3 and (R3P)2*B2H4 has recently been 
explored by Shimoi, as exemplified by the synthesis of 
complexes such as (COJsCr^-RsP'BHs) and (CO)4Cr- 
(j71:771-(R3P)2*B2H4).1 However, the related compounds in 
which the borane moiety is complexed with a chelating 
phosphine have only been mentioned twice in the 
literature. One of these, recently reported by Barton et 
al., has a dppm (diphenylphosphinomethane) ligand 
with an appended BH3 unit that is chelated to a 
polyhedral rhodathiaborane (A).2 The other contains a 
formally anionic [PR3’BH2]~ ligand chelated to a cobal- 
tacarbonyl: (CO)2(»/1-dppm)Co((M-dppm)BH2 (B).3 Both 
complexes are formed by addition of a monoborane 
reagent to a suitable metal-phosphine precursor by an 
undetermined mechanism. It struck us that both of 
these chelating ligands contain dppm functionalized 
with monoborane and that such a situation results in 
the formation of a favored five-membered chelate ring.
Consequently we have pursued the synthesis of transi­
tion metal coordination complexes with preformed Ph2- 
PCH2PPh2*BH3,4 seeking a high-yield, rational route
* C o r r e s p o n d in g  a u th o r . E -m a il:  a .s .w e lle r @ b a th .a c .u k . F ax: + 4 4  
(1 2 2 5 ) 8 2 6 2 3 1 .
(1) S h im o i.  M .: N a g a i ,  S .-I .;  I c h ik a w a , M .; K a w a n o , Y.; K a to h , K.;
U r u ic h i M .; O g in o , H . J. Am. Chem. Soc. 1 9 9 9 , 121, 1 1 7 0 4 .
(2) M a c ia s , R.; R a th , N . P .; B a r to n , L. Angew. Chem.. Int. Ed. 1 9 9 9 ,
38, 1 62 .
(3) E llio t .  D . J.; L e v y , C . J .: P u d d e p h a tt,  R . J.; H o la h . D . G.; H u g h e s ,
A. N .; M a g n u s o n , V. R.; M o ser , 1. M . Inorg. Chem. 1 9 9 0 , 29, 5 0 1 4 .
(4) M a r tin , D . R.; M e r k e l .  C. M .; R u iz , J . P . Inorg. Chim. Acta 1 9 8 6 ,
115, L 2 9 .
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toward complexes that contain this interesting hybrid5 
ligand. This report outlines the synthesis, structural and 
preliminary catalytic studies of one such complex: 








R e su lts  a n d  D isc u s s io n
Addition of PhzPCHzPPhz-BHa to [(COD)RhCl]2, fol­
lowed by halide abstraction using T1PF6, affords complex 
1, [(COD)Rh{(772-BH3)Ph2PCH2PPh2}][PF6]. in excellent 
yield (85% isolated) as an air-stable microcrystalline 
solid after workup. Full spectroscopic analysis was 
performed on this salt, but repeated attempts to produce 
crystals suitable for X-ray diffraction failed. Anion 
metathesis replacing [PFe]- with the bulky [BPh4] anion
(5) B r a u n s te in ,  P.; N a u d , F . Angew. Chem.. Int. Ed. 2 0 0 1 ,  40, 6 8 0 .
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T able 2. C rysta llo g ra p h ic  D ata for C om plex  1
F ig u re  1. Cation in [(CODJRhU^-BHsJPhzPCHzPPhz}]- 
[BPh4]*C7H8, 1. Ellipsoids are shown at the 30% probability 
level.
T ab le  1. S e lec ted  B ond L engths (A) and A ngles  
(deg) for C om plex 1
B ( l ) - H ( l )
B ( l ) - H ( 2 )
B ( l ) —H (3 )
R h ( l ) - C ( l )
R h ( l ) - C ( 5 )
R h ( l ) - P ( l )
P ( l ) - C ( 9 )
P ( l ) —B ( l )  H ( l )  
P(l)—B ( l )  H (3 )  
P ( l ) - R h ( l ) - B ( l )  
R h ( l ) - B ( l ) - P ( 2 )
1 .1 6 (3 )
1 .1 6 (3 )
1 .0 9 (3 )
2 .1 2 6 ( 3 )
2 .2 4 9 ( 3 )
2 .2 7 4 3 ( 7 )
1 .8 4 9 (3 )
1 0 2 (3 )
1 1 4 (1 )
8 7 .2 6 ( 8 )
1 1 3 .0 7 (1 5 )
R h ( l ) - H ( l )
R h ( l ) - H ( 2 )
R h ( l ) - B ( l )
R h ( l ) - C ( 2 )
R h ( l ) - C ( 6 )
R h ( l ) - B ( l )
P ( l ) - B ( l )
1 .8 2 (4 )
1 .9 1 (3 )
2 .3 1 3 (3 )
2 .1 2 4 (3 )
2 .2 7 1 (3 )
2 .3 1 3 (3 )
1 .9 2 3 (3 )
P ( l ) - B ( l ) - H ( 2 )  1 0 2 (1 )
P ( 2 ) - C ( 9 ) - P ( l )  1 0 9 .7 4 (1 3 )
C ( 9 ) - P ( l ) - R h ( l )  1 1 0 .9 3 (9 )
afforded suitable crystals for a X-ray study. The solid- 
state structure of the cation in 1 is presented in Figure 
1. This shows that the rhodium is bracketed by a 
coordinated COD ligand and the chelating phosphine 
borane. The phosphine ligates to the metal via both the 
terminal phosphine and BH3 moiety, the latter through 
two B -H -R h  three-center two-electron bonds. This rjz- 
coordination motif of the borane was initially unex­
pected, as the formally d8 Rhd) metal center requires 
only one B -H -R h  interaction to attain a 16-electron 
count. However, similar pentacoordination has been 
observed previously in Rh(7-PPh2-8-Me-7,8-C2B9Hio)- 
(COD).6 All hydrogen atoms on the borane were located 
and freely refined in the crystal structure. Inspection 
of the bond lengths and angles surrounding B(l) (Table 
1) shows that the two bridging hydrogens [H(l) and 
H(2)] exhibit similar distances from Rh(l). Notwith­
standing that all B -H  distances are similar within the 
bounds of experimental error, there also appears to be 
a trend suggesting that the B -H  bond distances to H(l) 
and H(2) are slightly longer than found for the terminal 
hydride, H(3), as expected. The BH3 unit is not tetra­
hedral, the two bridging hydrogens having compressed 
P(l)—B(l)—H angles to facilitate efficient bonding with 
the metal center. The Rh-B distance (2.313(3) A] is 
similar to that found in A (2.323(2) A] which also 
contains a bidentate {PBH2} ligand, this bond length 
also comparable to those found in (RhL2> fragments exo
(6) V in a s , C.; N u n e z ,  R.; T e ix id o r , F .; K iv e k a s , R.; S i l la n p a a ,  R. 
Organometallics 1 9 9 8 , 17, 2 3 7 6 .
e m p ir i c a l  f o r m u la  
fw
t e m p e r a t u r e  (K )  
c r y s t  s y s t  




a  (d e g )
.8 (d e g )
P ?
Zp (mm-1)
n o . o f  r e f ln s  c o l l e c t e d  
n o . o f  in d  r e f ln s
f in a l  R l ,  w R 2  in d ic e s  [ / >  2 a ( i ) ]  
R l ,  w R 2  in d ic e s  ( a l l  d a t a )  
l a r g e s t  d i f f  p e a k  a n d  h o le
C64H65B2P2Rh
1 0 2 0 .6 3
1 5 0 (2 )
m o n o c l in ic
PZiln
1 5 .2 1 3 0 (2 )
1 7 .1 0 6 0 (3 ) ,
2 1 .2 8 0 0 ( 3 )
9 0
1 0 6 .2 9 6 0 ( 9 ) :
9 0
5 3 1 5 .2 9 ( 1 4 )
4
0 .4 2 1  
6 1  4 1 9
1 2  1 5 2  [R ,nt =  0 .0 8 8 7 ]  
0 .0 4 3 0 ,  0 .0 9 0 5  
0 . 0 7 6 5 ,0 . 1 0 3 7  
0 .8 0 5  a n d  - 0 . 6 7 7  e  A-3
coordinated to polyboranes.7 The P (l)-R h(l)-B (l) bite 
angle at 87.26(8)° is also similar to that in A (88.36- 
(6)°]. Comparison of the Rh-CcoD bond lengths dem­
onstrates the differing trans influences operating in the 
chelating ligand in 1. In particular, the alkene carbon- 
Rh bonds trans to the weakly bound {BH2} fragment 
are significantly shorter than those trans to the phos­
phine (2.125 A average for Rh-C(l), Rh-C(2) versus 
2.259 A average for Rh-C(5), Rh-C(6)].
The ?72-BH3 binding motif observed in the solid state 
is not maintained in solution at room temperature, 
where the NMR spectrum reveals that all of the borane 
hydrogen atoms are equivalent, with one integral 3H 
resonance observed at d -0.25 ppm. This demonstrates 
that rapid exchange of the three BH bonds in bonding 
to the Rh center occurs, facilitated through rotation 
around the P—B bond (as has been observed previously 
in compound A2). Cooling to -50  °C resulted in replace­
ment of this single resonance by two peaks in the 'H- 
{nB} NMR spectrum, at 2.25 ppm (1 H) and —1.48 ppm 
(2 H), associated with terminal B—H and bridging Rh— 
H—B bonds, respectively. This low-temperature NMR 
spectrum is fully consistent with the solid-state struc­
ture. Further cooling to —90 °C did not affect the 
observed spectrum. The remaining observed *H, 31P, and 
n B NMR resonances are entirely consistent with the 
proposed structure. DFT calculations on complex 1 are 
in agreement with the observed solid-state and low- 
temperature solution structures, ^-coordination of the 
borane favored over 77'-binding on optimization at the 
B3PW39/6-31G** level.
We have tested the applicability of complex 1 in C—C 
bond-forming reactions via 1,4-addition of boronic acids 
to a./S-unsaturated ketones.8 Preliminary investigations 
have shown that 1 is an effective precatalyst (1 mol % 
catalyst loading) for the addition of phenylboronic acid 
to cyclohexenone to afford 3-phenylcyclohexanone in 
82% isolated yield. We have not investigated the struc­
ture of the active catalyst in this reaction, but it is likely 
that the COD ligand dissociates to afford a species such 
as [Rh{(772-BH3)Ph2PCH2PPh2}(solvent)](PF6] (solvent 
=  dimethoxyethane).9
(7) W e lle r , A . S .; M a h o n , M . F .; S t e e d ,  J . W . J. Organomet. Chem. 
2 0 0 0 ,  614-615, 113.
(8) S a k a i ,  M .; H a y a s h i.  H .; M iy a u r a , N . Organometallics 1 9 9 7 , 16. 
4 2 2 9 .
(9) M iy a u r a , N . Contemporary Boron Chemistry, D a v id s o n ,  M . G ., 
e t  a l., E d s.;  R o y a l S o c ie ty  o f  C h e m is tr y ,  2 0 0 0 ; p 3 9 9 .
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The ^-coordination mode of the borane to Rh in 1 is 
similar to that observed in early transition metal 
complexes of organohydroborates.!0-11 It is further remi­
niscent of the way that alkanes are suggested to bind 
with highly electrophilic late transition metal centers.12-15 
The unexpected ^-binding mode, air stability, and the 
preliminary catalytic studies reported here prompt us 
to suggest that complex 1 and its derivatives should 
display interesting and accessible chemistry associated 
with the R h -H -B  linkage in this chelating ligand 
system, and we are currently actively pursing this.
Experim ental Section
G eneral Procedures. All manipulations were carried out 
under an argon atmosphere using standard Schlenk line or 
drybox techniques. CH2CI2 was distilled from CaH2 , and 
hexane and toluene were distilled from sodium. NMR spectra 
were measured on Bruker Advance 300 MHz and Varian 
Mercury 400 MHz FT-NMR spectrometers in CD2CI2 solutions. 
Residual protio solvent was used as reference (5, ppm: CDZ- 
CI2 5.33) in *H NMR. UB NMR spectra were referenced to BF3* 
OEt2 (external), and 31P NMR spectra were referenced to 
H3PO4 (external). Coupling constants are given in hertz. 
Elemental analysis was performed in-house in the Department 
of Chemistry, University of Bath.
Compound 1. [(COD)RhCl]2 (0.105 g, 0.213 mmol) and Ph2- 
PCH2PPh2 -BH3 (0.170 g, 0.426 mmol) were dissolved in CH2- 
Cl2 (15 cm3) and the reaction stirred for 10 min. T1PF6 (0.15 
g, 0.43 mmol) was added, and stirring was continued over­
night. Filtration away from insoluble T1C1 and recrystallization 
by addition of hexanes afforded pale yellow microcrystals of 
[(COD)Rh{072-BH3)Ph2PCH2PPh2}][PF6] (0.273 g. 85% yield). 
Crystals suitable for an X-ray diffraction study were obtained 
by methathesis of a CH2CI2 solution of 1 with excess NaBPIu, 
filtration, and recrystallization from C^CVtoluene.
Spectroscopic Data for 1. *H (400 MHz) (298 K, CD2C12): 
7.61-7.38 (m, 20 H. Ph), 5.82 (s, 2 H. cod), 3.32 (s. 2 H. cod). 
2.17 [virtual t, 2 H, CHZ. 7(PH) 8], 2.49 (m. 4 H, cod), 2.30 (m. 
4 H. cod), -0 .25  [partially collapsed quartet, 3 H, BH3l J(BH) 
82], 31P{'H) (121 MHz) (298 K, CD2C12): 47.1 [dd, 1 P. J(PP) 
61, J(RhP) 145 Hz], 20.3 (br, 1 P), -142.8 [septet. 1 P, PF6, 
J(FP) 701], "BCH} (96 MHz) (298 K, CD2C12): -24.1 [d br. 
J(PB) 96], Selected ‘H{"B} (400 MHz, 223 K, CD2C12): 2.25 
(1 H, BH). -1 .48 (2 H. B -H -R h). Anal. Calcd for C33H3 7BP3F6- 
Rh: C 52.5; H 4.91. Found: C 51.5; H 4.76.
(10) L iu . F .-C .; D u . B .; L iu , J .;  M e y e r s , E . A .; S h o r e . S . G . Inorg. 
Chem. 1 9 9 9 .  38. 3 2 2 8 .
(11) C h a se . P . A.; P ie r s , W . E .; P a r v e z , M . Organometallics 2 0 0 0 ,  
19, 2 0 4 0 .
(1 2 ) G e fta k is ,  S .: B a ll,  G . E . J. Am. Chem. Soc. 1 9 9 8 , 120, 9 9 5 3 .
(13) H e ib e r g , H .; J o h a n s s o n ,  L.; G ro p en , O.; R y a n , O . B .; S w a n g  O.; 
T ils e t ,  M . J. Am. Chem. Soc. 2 0 0 0 .  122, 1 0 8 3 1 .
(14) S c h n e id e r , J . J . Angew. Chem., Int. Ed. Engl. 1 9 9 6 , 35, 1 0 6 8 .
(15) H a ll ,  C.; P e r u tz . R. N . Chem. Rev. 1 9 9 6 . 96, 3 1 2 5 .
Catalysis. Rhodium complex 1 (1 mol %) and phenylboronic 
acid (1.5 mmol) were added to a flask containing a magnetic 
stirring bar. The flask was flushed with nitrogen and then 
charged with DME (3 mL) and cyclohexanone (1.0 mmol). The 
mixture was then stirred at 65 °C for 16 h. Thte product was 
extracted with ethyl acetate, washed with brine, and dried over 
MgSCh. Chromatography over silica gel (hexane-ethyl acetate, 
10:1) afforded 3-phenylcyclohexenone in 82% yield. The iden­
tity of this known compound was confirmed by comparison of 
its 'H NMR spectrum with an authentic sample.
DFT C alculations. Calculations on the system were per­
formed using the G98 package.16 All geometries were optimized 
using the density functional theory with Becke's three- 
parameter hybrid exchanged17 and the Perdue—Wang correla­
tion function (B3PW91).18 The starting point of the geometry 
optimizations was derived from the X-ray structure, with the 
four phenyl groups substituted for methyls. For Rh the 
Stuttgart-Dresden19 basis set with corresponding effective core 
potentials was applied (replacing 28 core electrons for Rh), and 
the 6-31G** basis set was used for the rest of the atoms.
X-ray Crystallography. The crystal structure data for 
compound 1 were collected on a Nonius KappaCCD. Structure 
solution followed by full-matrix least-squares refinement was 
performed using the SHELX suite of programs throughout.20
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The complex [(PPh3)A g(C BnH 6Br6)] 1 is an effective and 
selective catalyst (0.1 mol% loading) for a hetero-Diels- 
Alder reaction, which shows a marked dependence on the 
presence of trace amounts of water, while addition of Ag[Y] 
[Y = CB 1 1 H 1 2 , C Bn H6Br6, O3SCF3] to a phosphine 
functionalised support gives an efficient and recyclable 
Lewis acid catalyst for this transformation.
Cationic silver(i)-phosphine complexes have been used as 
effective promoters for a wide-range of organic transformations 
including allylation, aldol, ene and glycosylation reactions, 
asymmetric aldol reactions, Mukaiyama aldol reactions, asym­
metric allylations and hetero-Diels-Alder reactions.1 It is well 
established that these reactions are accelerated by other Lewis 
acids (for example; Ti, B, A1 and Sn complexes). However, 
many of these established catalysts are sensitive to air, water 
and product inhibition and consequently are used in a low 
substrate/catalyst ratio. The use of silver(i)-phosphine com­
plexes can provide a practical solution to this problem, as many 
complexes are stable in air and retain activity in the presence of 
reaction product. Nevertheless, the best examples from the 
literature routinely employ high catalytic loadings (5-10 mol%) 
to achieve competitive rates and product yields. We are 
interested in developing silver(i) Lewis acids partnered with the 
carborane anion [ 1 -closo-CQ 1 1 H 1 2 ]” and derivatives,2 in the 
anticipation that the weakly coordinating nature of these anions 
will reveal enhanced activity for these systems. As the hetero- 
Diels-Alder reaction is one of the most useful methods for the 
synthesis of bioactive heterocycles we chose to test the new 
complexes in this challenging reaction.
We report here the synthesis of two new silver(i)-phosphine 
complexes containing [CBnH i2]-  and [CBj iH^Brg]-  re­
spectively and their use as efficient catalysts at low loadings for 
a hetero-Diels-Alder reaction. Additionally, we report that this 
methodology may be transferred to a solid support with good 
activity, low leaching and promising recycleability.
Addition of 1 equivalent of PPh3 to a CH2C12 solution of 
Ag[CBn H6Br6] or A g[CBnH i2] affords the new complexes 
(PPh3)Ag(CB„H6Br6) 1 and (PPh3)Ag(CBn H12 ) 2, respec­
tively, in good yields after recrystallisation from CH2C12-  
hexanes. Both complexes have been fully characterised^ by 
multinuclear NMR spectroscopy, microanalysis and X-ray 
crystallography. In solution the complexes display C5v sym­
metry in both the n B and ’H{ UB } NMR spectra, showing that 
the {AgPPh3}+ fragment is fluxional over the cage surface, as 
has been observed previously for other exo polyhedrally bound 
| Ag(PPh3)} fragments.3 The 31P{ ■H} NMR spectra show a pair 
of concentric doublets for both 1 and 2: /(A gP aVerage) 715 Hz 
and /(A gP average) 743 Hz, respectively. The solid state structure 
of complex 1 is shown in Fig. l.§ In the asymmetric unit, the 
silver is ligated by one phosphine and the three bromine atoms
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Fig. 1 S o lid  state structure o f  c o m p le x  1. E llip so id s  are sh o w n  at th e  50%  
p rob ab ility  lev e l. S e lec te d  b o n d  len g th s  (A) and a n g le s  (°): A g ( l ) - B r ( 7 )  
2 .8 7 1 0 (5 ) ,  A g ( l ) - B r ( 8 )  2 .6 9 6 3 (5 ) ,  A g ( l ) - B r ( 1 2 )  3 .0 9 5 3 (5 ) ,  A g ( l ) - P ( l )  
2 .4 0 3 2 (1 0 ) ;  P ( l ) - A g ( l ) - B r ( 7 )  1 1 7 .4 4 (3 ) ,  P ( l ) - A g ( l> - B r ( 8 )  1 5 5 .5 5 (3 ) ,  
B r (8 ) -A g (  1 ) -B r (7 )  8 7 .4 7 1 (1 4 ) .
that radiate from the B (7)-B(8)-B(12) triangular face of the 
cage. Bond lengths and angles are unremarkable, aside from the 
fact that the silver centre appears to have a vacant site lying 
roughly opposite to B(12). Examination of the supramolecular 
structure revealed that this site is filled by a long A g(l)-B r  
interaction [A gO J-Bfrll)' 3.4901(5) A], affording a ribbon- 
like structure in the lattice (ESIf). The asymmetric unit found 
for 2 is grossly similar to 1, the {AgPPh3} fragment interacting 
with the cage through three 3-centre-2-electron A g-H -B, 
interactions.
We have investigated the reaction between N-benzylidene 
aniline I and Danishefsky’s diene II (Scheme 1) using as 
catalysts the silver complexes 1, 2 and, for comparison, 
(PPh3)Ag(OTf) (OTf = 0 3SCF3). In the absence of any catalyst 
there was only a trace (<  5%) of product after 24 h at room 
temperature. On the bench (2 h, room temperature, 1 mol% 
catalyst, CH2C12) both complexes 1 and 2 afforded essentially 
quantitative (>  99%) yields of HI on workup, while (PPh3)Ag- 
(OTf) gave HI in 70% yield. However, it was only when 
catalyst loadings were reduced to 0.1 mol% and the reactions 
were monitored by NMR spectroscopy that the efficiency of 
complex 1, in particular, for this transformation was revealed.
Fig. 2 shows a plot of time vs. reaction course for complexes 
1, 2 and (PPh3)Ag(OTf). [(PPh3)Ag(C104) was also tested, not
1 or 2 (0.1 m d% )
III
Scheme 1
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shown here, and showed a very similar time dependent profile 
to (PPh3)Ag(OTf).] It is clear that complex 1 gives the fastest 
rate of catalysis, the reaction being complete in ~ 15 min, 
yielding a turnover frequency (TOF) of ca. 4000 h-1 . Complex 
2 is slower than 1, with complete reaction effected after 50 min, 
while (PPh3)Ag(OTf) does not attain 100% conversion, even 
after 80 min. Although these results reflect the previously 
enunciated relative weakly coordinating properties of carborane 
anions,2 especially the halogenated examples,4 it is pleasing to 
see that these ideas can be applied to a synthetically useful 
transformation, using well defined catalysts.
Importantly, and somewhat surprisingly, we have found that 
water plays an important role in this reaction. When these NMR 
experiments are performed in rigorously dry solvent (CD2 CI2 , 
vacuum distilled ffom CaH2), no catalysis occurs (Fig. 2). 
Addition of a substoichiometric (1 pi, 50 mol%, unoptimised) 
amount of H20  to the sample immediately initiates catalysis. 
While water-accelerated catalysis is becoming appreciated 
more widely,5 we currently can only speculate as to its role in 
this system. These results, however, implicate a polarised, 
silver-bound water molecule in the catalytic process, with the 
resulting Lewis-assisted Brpnsted-acid similar to that pre­
viously reported in lanthanide catalysed aromatic electrophilic 
substitutions6 and the catalytic role of coordinated water in 
certain zeolites.7 Consonant with this idea, when the reaction 
was repeated in the presence of the hindered base 2,6-di-ferf- 
butyl-4-methylpyridine no product was formed, while a control 
experiment taking I and II with just 50 mol% water also resulted 
in no product formation. On the bench, it is probably 
adventitious water that is made available to the reaction.
Catalyst 1 is also selective for imines over aldehydes in this 
reaction. A competition experiment demonstrated preferential 
activation of imine I in the presence of an equimolar amount of 
benzaldehyde. Thus, after 15 min at room temperature the 
product arising ffom reaction with the imine was isolated in 
70% yield whilst the aldehyde adduct was produced in only 5% 
yield.
Polymer supported Lewis acids have been recently attracting 
significant attention as they represent one method o f generating 
clean, efficient and re-usable catalysts.8 However, the in­
corporation of the Lewis acidic sites onto the polymer often 
requires a multistep synthesis. Given that one of the most 
popular supports is polymer bound triphenylphosphine,9 we 
were interested to see if the high activity and efficiency shown 
by complexes 1 and 2 could be transferred to this support. 
Stirring a CH2C12 solution of Ag[Y][Y = CBh H 12 3, 
CBnH6Br6 4, OTf 5] with commercially available resin 
(Fluka) afforded a material that was an efficient catalyst in all 
three cases for the hetero-Diels-Alder reaction under investiga­
tion. ]^ Moreover, all the resins were shown to be re-usable over 
at least three catalyst runs (>  95% isolated yield, vide infra). In 
concert with this, low leaching levels (0.3% Ag, by AAS) where 
also determined, while the supernatant ffom freshly prepared 
and filtered supported catalyst afforded only trace product 
(<5% ) when used in the reaction. These supported catalysts 
also show a significant dependence on the presence of water. If
no water is added then catalyst performance drops off rapidly on 
the second and third runs, however with 10 mol% water high 
yields of >95% are afforded over three consecutive cycles 
(ESIf). At the relatively high catalyst loadings (10 mol%) used 
in these preliminary experiments the counter ion effects 
observed in the homogeneous system are not observed.
In conclusion, we have demonstrated that silver(i)-phosphine 
complexes partnered by carborane anions based on [CB1 1 H12] 
are effective and active catalysts in a hetero-Diels-Alder 
transformation, and that water dramatically effects the observed 
rate of reaction. These catalysts may also be supported on 
commercially available resin to give active and recyclable 
Lewis acid catalysts. Full details of the synthesis, solution and 
solid state structures o f 1 and 2 along with comparisons of the 
catalytic performance when other common anions are partnered 
with silver(i)-phosphines will be reported in due course.10
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Silver Phosphanes Partnered with Carborane Monoanions: 
Synthesis, Structures and Use as Highly Active Lewis Acid Catalysts 
in a Hetero-Diels-Alder Reaction
Nathan J. Patmore, Catherine Hague, Jamie H. Cotgreave, Mary F. Mahon, 
Christopher G. Frost,* and Andrew S. Weller*[a]
Abstract: Four Lewis acidic silver 
phosphane complexes partnered with 
[1-c/<w0-CBuH 12]-  and [1 -closo- 
CBnH6Br6]- have been synthesised and 
studied by solution NMR and solid-state 
X-ray diffraction techniques. In the 
complex [Ag(PPh3)(CBnH12)] (1), the 
silver is coordinated with the carborane 
by two stronger 3 c -2 e  B -H —Ag bonds, 
one weaker B -H —Ag interaction and a 
very weak A g -* C ,rcne contact in the 
solid state. In solution, the carborane 
remains closely connected with the 
{Ag(PPh3)}+ fragment, as evidenced 
by nB chemical shifts. Complex 2 
[Ag(PPh3)2(CBuH i2)]2 adopts a dimeric 
motif in the solid state, each carborane 
bridging two Ag centres. In solution at 
low temperature, two distinct complexes
are observed that are suggested to be 
monomeric [Ag(PPh3)2][CBnH12] and 
dimeric [Ag(PPh3)2(CBn H12)]2. With 
the more weakly coordinating anion 
[CB„H6Br6]- and one phosphane, com­
plex 3 [Ag(PPh3)(CB11H6Br6)] is iso­
lated. Complex 4, [Ag(PPh3)2-
(CBnH«Br6)], has been characterised 
spectroscopically. All of the complexes 
have been assessed as Lewis acids in the 
hetero-D iels-A lder reaction of N-ben- 
zylideneaniline with Danishefsky’s di- 
ene. Exceptionally low catalyst loadings 
for this Lewis acid catalysed reaction are
Keywords: carboranes • cluster 
compounds • cycloaddition 
homogeneous catalysis • silver
required (0.1 mol% ) coupled with turn­
over frequencies of 4000 h-1 (quantita­
tive conversion to product after 15 min­
utes using 3 at room temperature). 
Moreover, the reaction does not occur 
in rigorously dry solvent as addition of a 
substoichiometric amount of water 
(50 mol %) is necessary for turnover of 
the catalyst. It is suggested that a Lewis 
assisted Brpnsted acid is formed be­
tween the water and the silver. The 
effect of changing the counterion to 
[BF4]- , [OTf]- and [CIO,]" has also 
been studied. Significant decreases in 
reaction rate and final product yield are 
observed on changing the anion from 
[CBnHgBrs]', thus demonstrating the 
utility of weakly coordinating carborane 
anions in organic synthesis.
Introduction
Monoanionic carborane anions based around [closo-1- 
CBUH 12]- (A, see Scheme 1) are among the most inert and 
least coordinating anions currently known.'1-2' The high 
chemical stability and low nucleophilicity of these ions means 
that they have been used to stabilise exotic cationic species, 
which are not isolatable with other, more coordinating, 
anions.13-6' Such anions also have the potential to act as 
partners with cationic Lewis acidic transition metal complexes 
that take part in various catalytic processes. Somewhat 
surprisingly, given the almost ubiquitous use of [B (Q F 5)4]- 
and derivatives in such applications, there are only a few
[a] D r . C. G . F rost, D r . A .  S. W eller , N . J. P a tm o r e , C . H a g u e  
J. H . C o tg r e a v e , D r . M . F. M a h o n  
D e p a r tm e n t  o f  C h em istry , U n iv e r s ity  o f  B a th  
B a th , B A 2 7 A Y  ( U K )
Fax: (+ 4 4 )1 2 2 5 -8 2 6 2 3 1
E -m a il : c .g .fro st@ b a th .a c .u k , a .s .w eller@ b a th .a c.u k
reports of anions such as A or related compounds utilised in 
catalytic processes,'7-10' despite their potential advantages 
over perfluorinated borates.'11-121
The coordination chemistry of cationic silver(i) phosphane 
complexes (combined with a range of anions) has been 
studied in some detail,'13-16' to the point that useful structural 
predications may be made on the basis of spectroscopic 
data.'17] Silver phosphanes exo-coordinated to polyhedral 
boranes are rarer,'18' but recent work, particularly from Stone 
et al.'1**21' has established this area. Related complexes in 
which exo-coordinated silver is bound to ligands other than 
phosphane,'22-25' or arene solvent molecules'26'29' or where the 
silver is partnered with halogeno-substituted carbo­
ranes'27-30-331 are also known.
One of us has a current interest in the synthesis, structures 
and reactivity of Lewis acidic transition metal complexes 
partnered with anion A and derivatives.'24-251 Concurrently, 
there is also interest in Lewis acid catalysis using silver(i) salts 
as effective promoters of a wide-range of organic trans­
formations including allylation, aldol, ene and glycosylation
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reactions.1341 Of particular note is the use of silver(i) BINAP 
([l,l'-binaphthalene]-2,2'-diylbis(diphenylphosphane)) com­
plexes in asymmetric aldol reactions,135-381 Mukaiyama aldol 
reactions,1391 asymmetric allylations*401 and hetero-D iels- 
Alder reactions.1411 It is well established that these reactions 
are accelerated by other Lewis acids (for example: Ti, B, Al, 
Sn complexes). However, many of these established catalysts 
are sensitive to air, water and product inhibition and 
consequently are used at a low substrate/catalyst ratio. The 
use of silver(i) phosphane complexes can provide a practical 
solution, with many precatalysts being stable in air and 
retaining activity in the presence of reaction product. Never­
theless, the best examples from the literature routinely 
employ high catalytic loadings (5 -1 0  mol %) to achieve 
competitive rates and product yields. We are thus interested 
in developing silver(i) Lewis acids complexed with carborane 
anions in anticipation that the weakly coordinating nature of 
the anions will reveal enhanced activity for these systems. The 
hetero-D iels-A lder reaction is one of the most useful 
methods for the synthesis of bioactive heterocycles. Hence 
we chose to test our new complexes in this challenging 
reaction with the intention of identifying structure -  activity 
relationships when the coordination sphere of the silver 
(number of phosphanes, anion) is systematically changed.
We report here the synthesis and solution and solid-state 
structural investigations for complexes of the formula 
[Ag(PPh3)n(CB,1H6Y6)] (n =  l ,  2; Y =  H, Br) and their use 
as active catalysts in the hetero-D iels-A lder reactions of N- 
benzylideneaniline with Danishefsky’s diene. Aspects of this 
work have been communicated previously.1421
Results and Discussion
Synthesis and structures: Silver(i) salts of monoanionic 
carborane anions are readily prepared and are air stable and 
useful synthons for subsequent reactions. For example, 
they can be used in silver salt metathesis reactions to 
introduce a carborane anion into a metal’s coordination 
sphere123- 29-43-441 or to generate synthetically useful salts.1281 
In addition they often have significant solubility in aromatic 
solvents compared with other cations, facilitating more 
complete characterisation of the cation/anion pair. In princi­
ple, they also provide a useful starting point for the 
investigation of silver(i) complexes of the general formula 
[Ag(L)n(CBnH6Y6)] (L =  two electron donor; Y = H , halo­
gen) as simple addition of the required ligand (L) results in 
complex formation.
Addition of slightly less than one equivalent (to avoid 
formation of 2, vide infra) of PPh3 to a suspension of 
Ag[CBnHi2] in CH2C12 results in the formation of 
[Ag(PPh3)(CBnHi2)], 1, as an analytically pure solid in good 
isolated yield after recrystallisation (Tables 1 and 2). The 
solid-state structure of 1 is presented in Figure 1. The 
{AgPPh3}+ fragment interacts with the carborane anion 
through the three {BH} units that form the B (12)-B (7)—B(8) 
polyhedral face, a coordination motif seen previously in 
[(Cp*)ZrMe2-J73-(CBHH ,2)].1101 The silver phosphane frag­
ment does not sit over the centre of this face but is more 
localised towards B(8) and the corresponding A g-B  bond 
lengths reflect this: A g (l)-B (8 ) 2.504(1) A, A g(l)-B (12 )  
2.569(3) A, A g (l)-B (7 ) 2.619(2) A. These bond lengths are 
broadly similar to those previously reported for the related 
complex [2,2,2-(CO)3-2-PPh3-7,12-{Ag(PPh3)}-c/<wo-2,l- 
MoCB,0H9]120-211 (2.552(4) A and 2.589(4) A), in which the 
Ag centre is bound dihapto by the cage and is the only other 
c/oso-polyhedral borane structure reported with an exo- 
{AgPR3} fragment, although there are others reported with 
ligands other than phosphane,1221 with Ag—metal bonds1211 and 
with endo coordination of a silver fragment.1181 The location of 
the silver phosphane fragment in relation to the B(8)—B(12) 
bond is such that the silver atom adopts a planar coordination 
motif with respect to P (l), B(8) and B(12) with the sum of 
relevant angles around A g(l) 359.7°. P (l) essentially lies on 
the same plane formed by A g(l), B(8) and B(12) (max 
deviation from plane 0.083 A for P (l)), resulting in an 
apparent vacant coordination site transoid to H(7). Inspection 
of the extended lattice packing diagram shows that there are 
no Ag**‘ H -B  intermolecular interactions directed towards 
this vacant site.118-201 However, there is a long intermolecular 
interaction (3.348 A) between A g (l) and C(35)' of a phenyl 
ring in a symmetry related molecule (Figure 2), and the arene 
carbon approaches the silver from the reverse of the trigonal
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1 7 0 (2 )
0 .7 1 0 6 9
tric lin ic
P\
1 1 .6 9 6 3 (2 )
1 3 .1 6 6 8 (2 )
1 4 .1 3 9 3 (2 )
9 6 .8 8 6 0 (6 )
1 0 6 .8 9 8 0 (7 )
1 1 0 .5 3 7 0 (8 )





0 .25  x 0 .2 0  x 0 .1 7  
3 .38  to  2 7 .5 0  
2 2 5 7 0
8605  [K (in t)  =  0 .0 2 5 0 ]  
7964
1.027 , 0 .981
86 0 5 /2 /4 7 8
1.050
/ ? ,=  0 .0 2 8 9  wRz =  0 .0 7 3 8  
/ ? ,=  0 .0 3 2 3  wR2 =  0 .0763  
1.727  a nd  - 0 .5 8 4
C I9H 21A g B n B r 6P
9 8 6 .57
1 5 0 (2 )
0 .7 1 0 7 3
m o n o c lin ic
P 2 ,/c
8 .8 9 5 0 0 (1 0 )
2 4 .4 1 4 0 (4 )
1 4 .4 1 7 0 (3 )
9 0
1 0 2 .0 7 2 0 (1 0 )
9 0
3 0 6 1 .6 0 (9 )
4
2 .1 4 0
8 .5 5 4
1848
0 .1 0  x 0 .1 0  x 0 .05  
3.71 to  2 7 .8 8  
2 3 1 6 4
7 2 5 3  [rt(in t)  =  0 .0 5 1 9 ]  
58 8 0
0 .6 6  and 0 .47
7 2 5 3 /0 /3 4 9
1.041
/?, =  0 .0 3 5 8  w R 2 =  0 .0 7 8 3  
/?, =  0 .0521  w R 2 =  0 .0 8 5 5  
1.081 and  - 1 .1 8 1
Table 1. Crystal data and structure refinement for 1, 2 and 3.
1
e m p ir ic a l  fo rm u la C ^ H n A g B n P
Mt 51 3 .1 6
T [  K ] 1 5 0 (2 )
A [A } 0 .7 1 0 7 3
cr y sta l sy s te m tric lin ic
s p a c e  g ro u p P i
a  [ A ] 1 0 .2 8 2 (2 )
b [A] 1 0 .9 8 8 (2 )
c [A] 1 1 .3 0 8 (2 )
a  l° ] 7 6 .2 2 (3 )
n ° ) 7 5 .2 5 (3 )
y  [°] 7 5 .6 1 (3 )
V [k '] 1 1 7 5 .7 (4 )
z 2
Pdcd [m g m -3] 1 .4 5 0
H [ m m -1] 0 .9 3 2
F (000 ) 5 1 6
c r y sta l s iz e  [m m ] 0.20  x 0.20  x 0.10
6 r a n g e  [°] 2 .9 6  to  2 7 .5 0
r e f le c t io n s  c o lle c te d 2 0 7 0 2
in d e p e n d e n t  r e fle c t io n s 5 3 7 4  [K (in t) =  0 .0 3 8 7 ]
r e f le c t io n s  o b se r v e d  ( >  2a ) 4 5 3 8
m a x  a n d  m in  tra n sm issio n 0 .9 1 2 6  a n d  0 .8 3 5 5
d a ta /r e str a in ts /p a r a m ete r s 5 3 7 4 /0 /3 0 2
g o o d n e s s  o f  f it  o n  F2 1 .0 1 8
fin a l R  in d ic e s  [ /  >  2 a (I ) ] /?, =  0 .0 3 1 6  wR2= 0 .0 7 5 7
R in d ic e s  (a ll d a ta ) Rt =  0 .0 4 1 7  wR2 =  0 .0 8 1 3
la r g e s t  d iff. p e a k  and h o le  [ e A ~ 3] 0 .5 4 4  a nd  - 0 .9 2 3
T a b le  2 . S e le c te d  
c o m p o u n d s  1 - 3 .
b o n d  len g th s [A] an d  a n g le s  [°] fo r  th e  n ew
C o m p o u n d  1
A g ( l ) - P ( l ) 2 .3 6 2 5 (7 ) P ( l ) - A g ( l ) - B ( 7 ) 1 4 2 .1 1 (6 )
A g ( l ) - B ( 7 ) 2 .6 1 9 (3 ) P ( l ) - A g ( l ) - B ( 8 ) 1 5 8 .2 3 (6 )
A g ( l ) - B ( 8) 2 .5 0 4 (3 ) P ( l ) - A g ( l ) - B ( 1 2 ) 1 6 0 .3 2 (6 )
A g ( l ) - B ( 1 2 ) 2 .5 6 9 (3 ) B ( 1 2 ) ~  A g ( l )—B ( 8) 4 1 .2 6 (8 )
A g ( l ) - H ( 7 ) 2 .3 6 (2 ) B ( 1 2 ) - A g ( l ) - B ( 7 ) 4 0 .3 7 (8 )
A g ( l ) - H ( 8) 2 .1 4 (2 ) B ( 7 ) - A g ( l ) - B ( 8 ) 4 0 .9 8 (8 )
A g ( l ) - H ( 1 2 ) 2 .2 6 (2 )
C o m p o u n d  2
A g ( l ) - P ( l ) 2 .4 6 9 8 (3 ) A g ( l ) - H ( 1 2 ) ’ 2 .1 7 (2 )
A g ( l ) —P (2 ) 2 .4 7 4 1 (3 ) A g ( l ) - H ( 7 ) 2 .5 1 (2 )
A g ( l ) - B ( 7 ) 3 .4 9 4 (2 ) P ( l ) - A g ( l ) - P ( 2 ) 1 3 0 .9 0 (1 )
A g ( l ) - B ( 1 2 ) ' 2 .8 9 2 (2 ) B ( 7 ) - A g ( l ) - B ( 1 2 ) ' 7 2 .4 (6 )
C o m p o u n d  3
A g ( l ) - P ( l ) 2 .4 0 3 2 (1 0 ) P ( l ) - A g ( l ) - B r ( 7 ) 1 1 7 .4 4 (3 )
A g ( l ) - B r ( 7 ) 2 .8 7 1 0 (5 ) P ( l ) - A g ( l ) - B r ( 8 ) 1 5 5 .5 5 (3 )
A g ( l ) - B r ( 8 ) 2 .6 9 6 3 (5 ) P ( l ) - A g ( l ) - B r ( 1 2 ) 9 3 .3 1 (3 )
A g ( l ) - B r ( 1 2 ) 3 .0 9 5 3 (5 ) P ( l ) - A g ( l ) - B r ( l l ) ' 1 5 7 .1 5 (1 )
A g ( l ) —B r ( l l ) ' 3 .4 9 0 1 (5 ) B r ( 7 ) - A g ( l ) - B r ( 8 ) 8 7 .4 7 1 (1 4 )
plane formed by B(8), B(12), Ag(l) and P(l). Although this 
distance is very long compared with other reported silver- 
arene bond lengths found in the solid-state structure of Ag 
carboranes (ca. 2.5-2.6 A), we suggest that it may be 
significant, given the observed orientation of the silver 
phosphane fragment with respect to the cage. Indeed, gas- 
phase DFT calculations on 1 show that the silver adopts the 
expected tetrahedral geometry when there are no intermo­
lecular interactions,*451 while comparable weak silver-arene 
contacts have been previously identified.*46,471 The 
Ag(l)-P(l) distance, at 2.3625(7) A, is at the shorter end of 
the range reported for [Ag(PPh3)L] or [Ag(PPh3)]X (X =
F igu re  1. M o le c u la r  s tru c tu re  o f  c o m p le x  1, sh o w in g  th e  a to m -n u m b e r in g  
sc h e m e . T h erm a l e l l ip so id s  a re  d ra w n  a t th e  5 0  % p ro b a b ility  lev e l.
counterion or two-electron ligand (L)) molecules*14,161 sug­
gesting a relatively strong AgP bond.
In solution, the 1H{UB} NMR spectrum of 1 shows a 1:1 
ratio of phosphane to carborane anion. Resonances due to 
{BH} groups are observed at <5 = 2.25 and <5 = 1.85 in the ratio 
1:10 (the latter is a 5-1-5 coincidence), with no high-field 
resonances potentially indicative of M — H—B interactions 
observed.*48* That only two {BH} resonances are observed 
suggests that the {AgPPh3} fragment is fluxional over the 
surface of the cage and affords time-averaged C5V symmetry 
in solution. This facile process is evidenced by no significant 
change observed in the spectrum when recorded at -90°C.
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F igu re 2 . D im e r ic  u n it  fo rm e d  in  th e  e x te n d e d  la ttic e  by A g  ••• C ,rene 
co n ta c ts  ( A g - C ( 3 5 ) '  3 .3 4 8  A). A to m  la b e llin g  a n d  o th e r  d e ta ils  as 
in  F ig u re  1.
Related metallaboranes with exo-coordinated {AgPPh3} frag­
ments are also highly fluxional in solution.*20,211 We were 
initially surprised to observe that the "B^H} NMR spectrum 
shows that both the antipodal [B(12)] and lower pentagonal 
belt [B(7)~(11)] borons undergo a significant upfield shift on 
complexation with the {AgPPh3} fragment when compared 
with Ag[CBnHu] (Figure 3), while there is no significant shift 
in the {BH} resonances observed in the 'H^'BJ NMR spectrum. 
This was unexpected as coordination of an exo-metal frag­
ment results in significant upfield shifts of the exo-metal 
coordinated {BH} units in both the *H and UB NMR spectra in
other systems.*25,441 Specifically, in the nB{‘H} NMR spectrum, 
resonances are observed at <5 = —10.3, 6 = —11.2 and <5 = 
-12.0 in the ratio 1:5:5. This dichotomy between 'H and nB 
chemical shifts may be indicative of the cage-silver bonding 
predominantly originating from Ag-B interactions,*49* with a 
reduced contribution (or perhaps a more electrostatic inter­
action) from the cage hydrogens. It is noteworthy that AgH 
interactions can be observed by *H NMR spectroscopy in 
certain cases and show both significant chemical shifts and 
AgH coupling constants,*50* neither of which are observed for 
complex 1, or previously in related Ag cage compounds.*19-21* 
Given that only the antipodal [B(12)] and lower pentagonal 
belt [B(7)-B(ll)] boron atoms appear significantly perturbed 
in the MB NMR spectrum on coordination of the {AgPPh3} 
fragment, we suggest a mechanism to explain the observed 
fluxionality that incorporates the metal phosphane precessing 
around the five triangular faces formed between B(7)-B(ll) 
and B(12). This mechanism is similar to that previously 
observed for the movement of {Rh(cod)}+*44* or 
{Pt(rBu2P(CH2)3PrBu2)}+*51* over the surface of [closo- 
CBuH12]_. In the 31P{1H} NMR spectrum of 1, a peak centred 
at 6 = 18.70 is observed as a pair of concentric doublets, due to 
109AgP and 107AgP coupling, having an average value for 
7(AgP)average of 743 Hz. This large value is consistent with the 
strong AgP bond seen in the solid state and is also indicative 
of a low-coordinate silver phosphane species ;*13* this suggests 
the observed solution and solid-state structures of 1 are 
similar.
Addition of two equivalents of PPh3 to Ag[CBnH12] 
gives complex 2, having the empirical formula 
[Ag(PPh3)2(CBuH12)], which has been characterised by 
solution NMR spectroscopy and in the solid state by X-ray 
diffraction. The extra PPh3 ligand has the effect of disturbing 
the silver-cage bonding from 1, so that a dimeric, centro- 
symmteric, [Ag(PPh3)2(CBnH12)]2 unit is now observed (Fig­
ure 4), in which each carborane unit bridges two silver centres. 
Each cage interacts with the two silver centres through one 
shorter (Ag(l)-H(12)' 2.17(2) A, Ag(l)-B(12)' 2.892(2) A) 
and one longer (Ag(l)-H(7) 2.51(2) A, 
Ag(lj—B(7) 3.494(2) A) A g -H -B  in­
teraction. This bonding mode to the two 
silver centres by the antipodal [B(12)] 
and a single lower pentagonal belt 
[B(7)j vertex is similar to that observed 
in the extended solid-state structure of 
[Mo(Cp)(CO)3I • Ag(CBnH12)]2.*24l Di­
meric and tetrameric silver carborane 
complexes with cages other than 
[CBnH12]~ have also been previously 
reported.*18,20-22* As expected on moving 
to a higher coordination number in 
going from 1 to 2, the Ag-P bond 
lengths are relatively longer in the latter 
complex (Ag(l)-P(l) 2.4698(3) A,
Ag(l)-P(2) 2.4741(3) A). The P(l)- 
Ag(l)-P(2) angle of 130.90(1)° is sim­
ilar to that observed in the three- 





Figure 3. " B  N M R  ch e m ic a l sh ift  “s tic k ” d ia g ra m  co m p a r in g  c o m p le x e s  1 and  2  ( so lu t io n s  in C D 2C12)  
with A g [ C B ,,H 12] (so lu t io n  in  [ D 6]a c e to n e ) .
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C(1)
V-Wp(1)/ ' j \
wv'nF *
F ig u r e  4. M o le c u la r  s tru ctu re  o f  c o m p le x  2 , sh o w in g  th e  a to m -n u m b e r in g  
s c h e m e . P h e n y l h y d r o g e n  a to m s are o m it te d  fo r  clarity . T h erm a l e llip so id s  
a r e  d raw n  at th e  50  % p ro b a b ility  lev e l.
In solution at room temperature in 2, the carborane does 
not interact significantly with the metal centre. This is 
evidenced in the nB NMR spectrum, which does not show 
any appreciable perturbation from that found for 
Ag[CBnH12], with three resonances observed at <5 = -5.1, 
— 10.6 and —12.6 in the ratio 1:5:5 (Figure 3). These data 
reflect the significantly weaker Ag-* H~B interactions appar­
ent in 2, relative to 1, in the solid state. In the room- 
temperature 31P(‘H} NMR spectrum of 2, a single broad 
resonance centred at <5 = 14.8 is observed, suggesting that the 
phosphane ligands are undergoing an exchange process. 
Progressive cooling affords two broad singlets at <5 = 15.4 
and 6 = 13.2 at 0°C, which gradually sharpen into two sets of 
doublets at -60°C, of approximately equal proportions, 
centred at <5 = 13.7 (/(AgP) = 333 Hz) and <5 = 13.6. The latter 
resonance is further observed as a pair of concentric doublets, 
showing coupling to both 109Ag and 107Ag (/(AgP)average = 
519 Hz). These changes in the NMR spectrum on cooling 
are consonant with the presence of two different complexes in 
solution at low temperature, which interconvert at ambient 
temperature. The species that reveals the larger AgP coupling 
constant has a value very similar to that reported for two- 
coordinate [Ag(PPh3)2][BF4] (/(AgP) = 530 Hz),1141 while the 
alternative species has a coupling constant intermediate 
between the three-coordinate [Ag(PPh3)2Br] (/(AgP) = 
385 Hz)1151 and four-coordinate [Ag(PPh3)4][PF6] (/(107AgP) 
= 224 Hz)1131 silver phosphane complexes. On the basis of 
these observations, we tentatively suggest that, at low temper­
ature an approximate 1:1 mixture consisting of the two- 
coordinate, ion-pair separated, species [Ag(PPh3)2][CBnH12] 
and the dimeric [Ag(PPh3)2(CBnHi2)]2 is formed. 
No evidence for the disproportionation of 2 to form 
[Ag(PPh3)][CBnH12] and [Ag(PPh3)3][CBnH12] was seen in 
the low-temperature 31P{1H} NMR spectrum.1131 The low- 
temperature UB{*H} NMR spectrum exhibits two broad peaks 
at <5 = -5.8 (IB) and <5 = -11.6(10B), essentially unshifted 
from room-temperature values.
The coordination chemistry of the anion [c/ojo-CBnH12]_ 
can be usefully compared with that of [c/ojo-CB„H6Br6]_, in
which the six lower hydrogen atoms in the cage are replaced 
with bromines, and it is considered to be significantly more 
weakly coordinating than [CBUH12]- . While there are now a 
significant number of solid-state structural investigations on 
the silver salts of perhalogenated anions,127-30-331 there are few 
studies in which both the solution and solid-state structures of 
their transition metal complexes have been investigated. 
Addition of one equivalent of PPh3 to a suspension of 
AgfCBuHgBrJ in CH2C12 affords the new complex 
[Ag(PPh3)(CBnH6Br6)] (3). The solid-state structure of 3 is 
presented in Figure 5. On first inspection, the silver(i) centre is 
coordinated with the carborane anion through two shorter 
(2.6963(5) A and 2.8710(5) A) Ag-Br interactions and one 
longer one (3.0953(5) A), all of which fall comfortably within 
the sum of the van der Waals radii for silver and bromine. 
These bond lengths are of similar values to those previously 
reported for silver complexes of [CBnH^Brg]-1311 and dibro- 
moalkane complexes of silver.1521 The silver phosphane bond 
length (2.4032(10) A) is slightly longer than that found in L 
The phosphane phenyl groups adopt a relatively uncommon 
C2v arrangement, a result of one phenyl group (C(2)-C(7)) 
twisting to minimise interactions with Br(12). Given that the 
silver is formally 4-connected in the asymmetric unit, the fact 
that it appears to adopt a pseudotrigonal planar, as opposed to 
a tetrahedral coordination motif (sum of relevant angles 
around Ag(l) is 360.5°) was on first inspection puzzling to us. 
However, similar to 1, the packing diagram (Figure 6) reveals 
a long interaction (3.4901(5) A) between Ag(l) and Br(ll)' 
on a symmetry related cage in the lattice; this bromine 
atom approaches Ag(l) approximately trans to Br(12) 
(Br(12)-Ag(l)-Br(ll)' 157.15(1)°). Although this distance is 
long, the coordination motif around the silver suggests that it 
is significant in the solid state. This interaction completes the 
coordination sphere at the silver centre. It also results in 
phenyl groups on symmetry related phosphanes having a close 
approach in the lattice (Figure 6), and the Ag(l)—P(l) 
vector being canted from lying equidistant between Br(7)
F ig u re  5 . M o le c u la r  str u c tu r e  o f  c o m p le x  3 , sh o w in g  th e  a to m -n u m b e r in g  
s c h e m e . T h er m a l e l l ip so id s  are  d raw n  at th e  5 0  % p ro b a b ility  le v e l .
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Br(l2)’
F ig u re  6 . E x te n d e d  s o lid -s ta te  stru c tu re  a p p a r e n t in  c o m p le x  3 :  a )  sh o w in g  w e a k  ax ia l A g  ••• B r in te r a c tio n s ;  b ) sp a c e -f ill in g  d ia g ra m  sh o w in g  o r ie n ta t io n  o f  
p h e n y l g ro u p s in th e  so lid  s ta te .
and Br(8) (P(l)-Ag(l)-Br(8) 155.55(3)°, P(l)-Ag(l)-Br(7) 
117.44(3)°).
In solution, C5v symmetry is observed for the cage anion in 
the UB NMR spectrum, which shows that the {AgPPh3}+ 
fragment does not retain a rigid coordination motif with 
respect to the cage. The 31P{1H) NMR spectrum of 3 is similar 
to that of 1 with a resonance centred at <5 = 16.52 is observed 
as a concentric pair of doublets, /(AgP)average = 715 Hz, 
suggesting that similar structures are adopted in solution for 
both complexes. This value is slightly smaller than that 
observed for 1, in line with the slightly longer Ag-P bond 
observed in the solid state for 3 compared with complex 1 I17]
Addition of two equivalents of PPh3 to Ag[CBnH6Br6] 
results in the isolation of a white solid having the empirical 
formula [Ag(PPh3)2(CBnH6Br6)] (4). Despite repeated at­
tempts, crystals suitable for X-ray diffraction could not be 
obtained, so characterisation of complex 4 was limited to
NMR spectroscopy and microanalysis. In solution at room 
temperature, the 31P{1H} NMR spectrum of 4 has a broad 
singlet at <5 = 12.9, showing that the phosphane ligands are 
undergoing exchange under ambient conditions. The corre­
sponding ^ { “BJ NMR spectrum shows a 2:1 ratio of 
phosphane to cage, with no signals observed at high field. 
The low-temperature (-80°C) 31P{1H} NMR spectrum shows 
that one species is present at this temperature, due to two 
concentric doublets centred around <5 = 8.1. The magnitude of 
the AgP coupling constant (/(AgP)average = 240 Hz) is very 
small and of the same order of that associated with 
[Ag(PPh3)4]+.1131 To account for this, a low-temperature 
limiting structure that has a sp3 hybridised silver(i) centre is 
suggested, in which the hexabromo carborane anion is 
coordinated to the silver by two of the bromines on the cage. 
That there is a more intimate contact between the halogen- 
ated cage and silver in 4 compared with the silver-cage contact
Chem. Eur. J. 2002, 8, No. 9 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2093 $ 20.00+.50/0 2093
FULL PAPER A . S. Weller, C. G. Frost et al.




( 1.0 2 e q u iv )  (1 e q u i v )
S c h e m e  3. A c t iv a t io n  o f  im in e s  in
in 2 is further reflected in the O M e
relative catalytic activities of 
these two compounds, which 
will be presented later. While 
we have taken measures to use 
pure samples (recrystallised 
material used exclusively for 
NMR and catalysis experi­
ments), we cannot completely rule out the presence of small 
amounts of free PPh3 in 2 and 4, which would lead to rapid 
phosphane exchange at room temperature.1131
Catalysis: We have investigated the reaction between 
/V-benzylideneaniline (I) and Danishefsky’s diene (II) 
(Scheme 2) with the silver complexes 1 to 4. Importantly, in 
the absence of any catalyst there was only a trace (less than 
5%) of product after 24 hours at room temperature. Initial 
experiments using freshly distilled reagent grade solvents 
revealed that the addition of 1 mol % of silver complex 
promoted the efficient formation of the product (m ) in less 
than one hour at room temperature (Table 3). On the bench 
under these conditions, complexes 1 to 4 were significantly 
more active than [Ag(PPh3)(OTf)] and [Ag(PPh3)(BF4)] 
whilst [Ag(PPh3)(C104)] was of comparable activity. Remark­
ably, the catalyst loading could be lowered to 0.1 mol% of 
complex 3 and the reaction was still complete in less than 
thirty minutes to afford an isolated yield of 99% product 
(>2000 turnovers hour-1).
T a b le  3. Y ie ld s  o f  c o m p o u n d  III. C a ta ly st  (1 m o l% );  im in e  I (1 .1  m m o l);  
D a n is h e fsk y ’s d ie n e  (II) (1 .6 5  m m o l). Y ie ld s  rep o r te d  are a fter  r e a c t io n  for  
6 0  m in u te s  a t r o o m  tem p e r a tu r e  an d  w o rk u p  ( s e e  E x p er im e n ta l S e c t io n  fo r  
fu ll d e ta ils ).
+ P h ' N  A g  c o m p l e x  (1  m o l% )  +  (<^ N ' P h
H ^ P h  C H 2C I2
< 5 %
or ^  P h  
7 0 %
III
C o m p le x Iso la te d  y ie ld  o f  III [%]
1 [A g (P P h ,) (B F 4)J 35
2 [A g (P P h j) (O T f)] 70
3 [A g (P P h 3) (C 1 0 4)] 9 0
4 [A g (P P h 3) (C B n H 12)]  (1 ) 98
5 [A g (P P h 3W C B „ H 12)]  (2 ) 99
6 [A g (P P h 3) (C B MH 6B r6)]  (3 ) 99
7 [A g (P P h 3)2( C B 11H 6B r6)]  (4 ) 85
A competition experiment illustrated that silver complex 3 
could preferentially activate imines in the presence of 
aldehydes (Scheme 3). When Danishefsky’s diene (II) was 
added to a 1:1 mixture of benzaldehyde (IV) and imine (I) in 
the presence of 1 mol % of 3, the product arising from the 
reaction, after 15 minutes at room temperature, was isolated 
in 70 % yield whilst the aldehyde adduct was produced in only 
5 % yield. According to the classification system suggested by
(1 e q u iv )
th e  p r e sen ce  o f  a ld e h y d e s  b y  s ilv e r  c o m p le x  3.
Kobayashi et al. ,(531 the silver catalyst is thus an A-2 Lewis 
acid (active, imine selective).
Prompted by these results we decided to follow the 
reactions by 3H NMR spectroscopy, using catalyst loadings 
of 0.1 mol%, in the anticipation of uncovering structure-  
activity relationships involving counterion and/or phosphane 
ligands. This initially resulted in the unexpected observation 
that the reaction between diene II and imine I did not proceed 
(no reaction after ca. two hours at room temperature) when in 
the NMR tube, using rigorously dried solvent (CD2C12 
vacuum distilled from CaH2). However, addition of a 
substoichiometric amount of water (ca. 50 mol %, 1 pL, 
unoptimised) to these solutions resulted in rapid initiation 
of the reaction. This is an example of a water-accelerated 
Lewis acid catalysed reaction; such reactions, in which water 
is an important partner, are being increasingly appreciated.1541 
Pertinent to this observation, modest yield enhancements on 
addition of stoichiometric amounts of water to a hetero- 
Diels-Alder reaction catalysed by lanthanide trifluorometh- 
anesulfonylamides1551 have been reported previously. Current­
ly, we are unsure about the exact role of the water in the 
reaction. It is likely, however, that a polarised, silver-bound, 
water molecule acts as a Lewis assisted Brpnsted acid, similar 
to that in lanthanide salt catalysed aromatic electrophilic 
substitutions.1561 It is also similar to the role metal-coordinated 
water is suggested to play in certain catalytic processes.1571 In 
support of this, preliminary DFT calculations on the model 
system [Ag(Me3P)(OH2)(MeNH=CHMe)]+ indicate that a 
coordinated water molecule plays an important function in 
the silver promoted [2+4] addi­
tion of imine to diene. A putative 
intermediate in this process is 
shown in Scheme 4, in which the 
water molecule forms a hydrogen 
bond with the nitrogen atom.1451 
This proposed intermediate ac­
counts for both the observed
dependence on trace amounts of water in this reaction and 
the strong counterion effect observed (vide infra), with both 
the Lewis assisted Brpnsted acidity (OH •••N hydrogen bond) 
and the need for a vacant site (alkene coordination) playing 
important roles. Experimentally, what is clear is that trace
H  , P M e 3
M e
Me'
S c h e m e  4 . P r o p o se d  in ter ­
m e d ia te  s tru ctu re .




1 -  4  ( 0 .1  t o  1 m o l% )
H 20  ( c a .  5 0  m o" % )  
C H 2C I2
O M e
T M S O
, P h
P h




S c h e m e  2. R e a c t io n  b e tw e e n  /V -b e n z y lid e n e a n ilin e  (I) an d  D a n is h e f s k y ’s d ie n e  (II) w ith  th e  s ilv e r  c o m p le x e s  1 -4 .
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amounts of water are needed for this reaction to proceed, 
which is probably made available to the reaction, when at the 
bench, by adventitious water.
That a silver-bound water molecule is strongly implicated as 
a catalytic proton source in these reactions is demonstrated by 
the following control experiments. Addition of just water to a 
mixture of I and II affords no product, while under the 
standard conditions used for catalysis addition of the hindered 
base 2,6-di-terf-butyl-4-methylpyridine suppressed the reac­
tion completely.1561 Moreover, water need not be the unique 
proton source. The reaction is easily repeated replacing an 
alcohol (methanol, 20mol%) for water, resulting in essen­
tially identical product yields and reaction times.
The results of these NMR experiments, in which water is 
added, are shown in Figure 7 for the new complexes 1 through 
4 and for comparison the complexes [Ag(PPh3)(BF4)], 
[Ag(PPh3)(C104)]1581 and [Ag(PPh3)(OTf)j ,1161 All of these 
experiments were carried out at 0.1 mol% catalyst loading 
with 50 mol% added water in solutions in CD2C12, with the 
diene in 1.5 molar excess. The final products in the NMR tube 
are a consistent mixture of intermediate V and final product 
in (ca. 90:10 ratio), which on workup gives only the final 
product. The reactions were monitored by selected peaks due 
to intermediate V and the final product (see Experimental 
Section). No hydrolysis of the imine to benzaldehyde was 
observed under the conditions used, while the consumption of 
imine I in each run followed the same time-dependent profile 
(although inversed) as the increase in V and DDL
It is clear from Figure 7 that complex 3 gives the fastest rate 
of catalysis, complete conversion being apparent after 15 min­
utes. This equates to a turnover frequency (TOF) of 
4000hour-1, which is excellent for a Lewis acid catalysed 
reaction of this type. Complex 1, although a slower catalyst 
than 3, also yields complete conversion of the imine after 
«40 minutes. Not unsurprisingly the monophosphane com­
plexes, [Ag(PPh3)(C104)] and [Ag(PPh3)(OTf)], which con­
tain more nucleophilic counterions, are less active than 1 and
3. The addition of an extra PPh3 ligand would be expected to
both reduce the Lewis acidity of the metal centre while also 
adding more steric bulk and blocking a potential vacant site. It 
is not unexpected then, that complexes 2 and 4 are signifi­
cantly poorer catalysts than any of the monophosphane 
complexes. Interestingly the relative reaction rates for the 
bisphosphane complexes 2 and 4 are reversed from those seen 
for the monophosphane/carborane complexes. Complex 2, 
which incorporates the [CBnFI12] anion, catalyses the reaction 
significantly faster than 4. Although this is perhaps counter­
intuitive given the relative coordinating abilities of these two 
anions, when the solution structures at -60°C are compared 
(vide supra), complex 4 shows a considerably smaller value 
for /(AgP), suggesting a silver centre that has a higher formal 
coordination number in 4 than in 2. This implies that the 
[CBnHfiB^]- anion interacts significantly with the metal 
centre at this temperature in 4. Although we do not have the 
solid-state structure of 4 to hand,1591 this correlation between 
the magnitude of /(AgP) at low temperature and the relative 
rates of 2 and 4 is compelling. This difference in rate is also 
reflected in the relative product yields on the bench after one 
hour (entries 5 and 7 in Table 3).
The catalyst [Ag(PPh3)(BF4)] ceases to function after only a 
few minutes of activity, giving only modest yields of cyclo- 
addition product in both the NMR and the bench-top 
experiments (Figure 7 and Table 3, entry 1). We suggest that 
under the conditions used for catalysis (0.1 mol % catalyst, 
50 mol % water), rapid (< 2 minutes) silver(i) mediated hy­
drolysis of the [BF4]_ anion occurs to afford an oxyborate 
anion that binds strongly with the metal centre, shutting down 
the catalytic cycle dramatically. In support of this, hydrolysis 
of [BF4]- to afford coordinated oxyborates has been reported 
previously.160,611
Conclusion
The preparation of the four silver(i) phosphane complexes 
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F ig u re  7. C hart sh o w in g  r e la t iv e  r a tes  o f  re a c tio n  b e tw e e n  I a n d  II by u sin g  0.1 m o l%  o f  c a ta ly sts  1 - 4  a n d  [ A g (P P h 3) (Y ) ]  [Y  =  O T f, B F 4, C 1 0 4] and  
5 0  m o l%  a d d ed  H 20  a t ro o m  tem p e r a tu r e  in C D 2C12. S e e  te x t  fo r  o th e r  d eta ils .
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[c/o50-CBnH6Br6] has allowed a study to be made of the 
relationship between solid and solution structures and per­
formance as partners to cationic Lewis acids of these anions in 
an organic transformation. Not unsurprisingly, given the now 
well-documented14-5! inertness coupled with the low nucleo- 
philicity of the hexahalageno anions and the precedent for 
pronounced counterion effects in Lewis acid catalysed cyclo- 
additions,162"641 the monophosphane complex 3 is a significant­
ly better catalyst than both 1 and all of the other systems 
examined. In addition, compound 3 (and presumably the 
others, although not tested) is selective for imines and can be 
used at significantly lower catalyst loadings than previously 
reported for Lewis acid catalysed hetero-Diels-Alder reac­
tions.
To us, the surprising result is that the relative ordering in 
rate of catalysis between [CBnH12] and [CBnH6Br6] is 
reversed when two phosphanes are coordinated to the silver 
centre. Although this was unexpected, it is pleasing that a 
gross correlation exists between observable NMR properties 
in solution (magnitude of /(AgP)) and the catalytic activity. 
Thus, complexes 1 and 3, which have large AgP coupling 
constants, are better catalysts than 2 and 4, with the latter 
complex exhibiting the poorest performance and the lowest 
coupling constant by far (albeit measured at low temper­
ature). Overall this suggests that when considering catalyst 
performance in these, and related systems, the influence of 
counterion and ligands are not independent and need to be 
considered together. It is however encouraging that useful 
catalyst performance indicators may be gleaned from simple 
NMR experiments, which could help in the identification of 
promising catalytic systems. To this end, we are currently 
investigating the applicability of complexes such as 3 in other 
Lewis acid catalysed reactions and will report on these in due 
course.
Experimental Section
G e n e r a l: A ll m a n ip u la tio n s  w e r e  ca rried  o u t  u n d er  a n  a rg o n  a tm o s p h e r e  
b y u sin g  stan dard  S ch len k  lin e  o r  dry  b o x  tec h n iq u es . C H 2C12 w a s  d is tille d  
fro m  C a H 2 and  h e x a n e  w as d is t ille d  fro m  so d iu m . S o lu t io n  N M R  sp e c tr a  
w e r e  m ea su r e d  o n  V a r ia n 4 0 0  M H z  an d  B ru k er  A d v a n c e  3 0 0  M H z  FT - 
N M R  sp e c tr o m e te r s  in so lu t io n s  in  C D 2C12. R e s id u a l p r o t io  s o lv e n t  w a s  
u sed  as a  r e fe r e n c e  (C D 2C12, <5 =  5 .3 3 )  in 'H  N M R , B F 3 • O E t2 ( e x te r n a l)  in  
" B  N M R  and 8 5 %  H 3P 0 4 (e x te r n a l)  fo r  31P  N M R  sp e c tr a . C o u p lin g  
c o n s ta n ts  are g iv en  in H z. E le m e n ta l  a n a ly ses  w e r e  p e r fo r m e d  in -h o u se  at 
th e  D e p a r tm e n t o f  C h em istry . T h e  c o m p le x e s  A g [ C B n H 12]126* and  
A g [ C B n H 6B r6]l'3) w ere  p r ep a red  b y  th e  p u b lish ed  lite ra tu r e  r o u te s  o r  
v a r ia t io n s  th ereo f. A ll  o th e r  c h e m ic a ls  w e r e  u sed  as p u r c h a se d  fro m  
A ld r ich .
P rep a ra tio n s
[Ag(PPh3)(CBnHn)] ( 1): P P h 3 (0 .1 6 3  g , 0 .6 5 0  m m o l)  w a s  d is so lv e d  in  
C H 2C12 (1 0  m L ) and ad d ed  d r o p w ise  to  a  S c h le n k  f la sk  c h a r g e d  w ith  
A g [ C B ,,H 12] (0 .1 5 5  g, 0.591 m m o l) ,  in  th e  d ark  a n d  w ith  stirr in g . T h is  
s o lu tio n  w a s  stirred  o v e r n ig h t a n d  th e n  c a n n u la  f ilte r e d . T h e  s o lv e n t  w a s  
r e m o v e d  in  v a cu o  to  le a v e  a p a le  y e llo w  so lid . C o lo u r le s s  c r y sta ls  su ita b le  
fo r  an  X -r a y  d iffra c tio n  stu d y  w e r e  g ro w n  b y  r e d is so lv in g  th e  p r o d u c t  up  in  
m in im u m  C H 2C12, lay er in g  w ith  h e x a n e , th e n  p la c in g  th e  s a m p le  in  a 
fr e e z e r  o v e r n ig h t  a t - 3 0 ° C  (0 .2 8 1  g , 9 2 %  y ie ld ) .
>H {"B} ( 2 2 °C ): <5 =  7 .5 2 -7 .2 9  (m , 1 5 H ;  Q H 5), 2 .5 5  (b r s , 1 H ;  C H ctge) ,  2 .2 5  
(b r s , 1 H ;  B H ), 1.85 ( 1 0 H ;  5 + 5  c o in c id e n c e , B H ) ;  s e le c te d  'H {" B )  
( - 9 0 ° C ) :  <5 =  2 .5 9  (b r s , 1 H ;  C H c, ge) ,  2 .3 4  (b r s , 1 H ;  B H ) ,  1 .94  ( 5 H ;  B H ) ,  
1.76 ( 5 H ;  B H );  " B |'H }  (2 2 ° C ):  <5 =  - 1 0 . 3  (sh b r , I B ) ,  - 1 1 . 2  (br, 5 B ) ,
- 1 2 . 0  (5 B );  "B<5 =  - 1 0 .3  (d , 5 + 1  c o in c id e n c e , / ( H B )  =  1 1 8  H z ) , - 1 2 . 0  (d , 
/ ( H B )  =  1 1 0 H z ,  5 B ) ;  3>P |'H ) ( 2 2 °C): <5 =  1 8 .7 0  (d d , / ( A g 109P ) =  7 9 5 , 
/ ( A g 107P ) =  691 H z , I P ) ;  IR  (K B r):  v  =  2 5 6 5  (vs, B H ) ,  2 5 1 7  ( sh s , B H ) ,  
23 7 2  c m -1 (m , B H ) ; e le m e n ta l  a n a ly s is  ca lcd  (% ) fo r  C js H ^ B n A g P :  C 4 4 .5 ,  
H  5 .30; fo u n d : C  4 4 .3 , H  5 .19 .
[Ag(PPh3)2(CBnHn)] (2 ):  A g [ C B „ H I2] (0 .0 7 5  g, 0 .2 9 9  m m o l)  a n d  P P h 3 
(0 .1 5 8  g , 0 .6 0 2  m m o l)  w e r e  stirred  to g e th e r  in  C H 2C12 (1 5  m L ) in  th e  dark  
fo r  1 hour. T h is  so lu t io n  w a s f ilte r e d  a n d  h e x a n e  (2 0  m L )  a d d e d  to  th e  
f iltra te  to  in d u c e  cry sta llisa tio n . T h e  c o lo u r le s s  p ro d u ct w a s iso la te d  by  
d e c a n tin g  o f f  th e  s o lv e n t  an d  d ry in g  in v a c u o  (0 .2 0 4  g , 88  % y ie ld ) .  C rysta ls  
su ita b le  fo r  an X -r a y  d iffra c tio n  s tu d y  w e r e  g ro w n  b y  r e d is so lv in g  a  p o r tio n  
o f  th e  so lid  p ro d u ct in a  m in im u m  o f  C H 2C12, la y er in g  w ith  h e x a n e s  and  
th en  p la c in g  in a  fr e e z e r  o v e r n ig h t  a t - 3 0 ° C  t o  y ie ld  w h ite  crysta ls. 
1H {11B ) ( 2 2 °C ): <5 =  7 .4 5 -7 .1 8  (m , 3 0 H ;  Q H S), 2 .21  (b r s , 1 H ;  C H ^ ) ,  1.85  
(b rs, 1 H ;  B H ,) ,  1 .58 (b r s , 1 0 H ;  5 + 5 c o in c id e n c e , B H );  , , B |1H } ( C D 2C12, 
2 2 °C ): <5 =  - 5 . 1  (b r s , I B ) ,  - 1 0 . 6  (b r s , 5 B ) , - 1 2 . 6  (b r s , 5 B ) ;  " B  ( 2 2 °C):  
<5 =  — 5.1 (d , / ( H B )  =  1 2 8  H z , I B ) ,  - 1 0 . 6  (d , /  ( H B )  =  1 3 8  H z , 5 B ) ,  - 1 2 . 6  
(d , / ( H B )  =  158 H z , 5 B ) ;  31P (3H } ( C D 2C12, 2 2 °C ): <5 =  1 4 .8  (s, b r );  31P {'H )  
( - 6 0 ° C ) :  <5 =  1 3 .7  (b r d , / ( A g P )  =  3 3 3  H z ) ,  1 3 .6  (d d , / ( A g ,09P )  =  5 54 , 
7 ( A g 107P ) =  483  H z ) ;  IR  (K B r): 2 5 4 4  (vs, B H ) ,  2 4 4 2  (m , B H ) ,  2 3 9 6  c m -'  
(m , B H );  e le m e n ta l  a n a ly s is  ca lcd  (% ) fo r  C ^ H ^ B n A g lV  C  57.3, H  5 .46;  
fo u n d : C  57.2, H  5 .5 3 .
[Ag(PPh3){CBuHiBr^] (3 ):  P P h 3 (0 .0 6 2  g , 0 .2 3 6  m m o l)  w a s  d is so lv e d  in  
C H 2C12 (1 0  m L ) a n d  a d d e d  d r o p w ise  to  a  S c h le n k  fla sk  c h a r g e d  w ith  
A g fC B u H jB r j]  (0 .2 0 0  g , 0 .2 7 6  m m o l)  in  th e  d ark  a n d  w ith  stirr in g . T h e  
r esu ltin g  so lu tio n  w a s stirred  o v e r n ig h t  a n d  f ilte r e d . T h e  s u p e m a te n t  
so lv e n t  w as r e m o v e d  in  v a c u o  to  le a v e  a c le a r  o i l .  C ry sta ls  su ita b le  for an  
X -ra y  d iffra c tio n  s tu d y  w e r e  g ro w n  by r e d is so lv in g  th e  p ro d u ct up  in  
m in im u m  C H 2C12, la y er in g  w ith  h e x a n e , th en  p la c in g  th e  sa m p le  in  a 
fr e e z e r  o v e r n ig h t at - 3 0 ° C  (0 .1 9 4  g , 8 3 %  y ie ld ) .
*H {"B): <5 =  7 .5 2 -7 .2 2  (m , 1 5 H ;  Q H j ) ,  2 .7 3  (b r s , 1 H ;  C H ^ ) ,  2 .4 3  ( 5 H ;  
B H );  " B : <5 =  - 2 . 1  (b r s , I B , B ) ,  - 6.6  (b rs, 5 B , B B r ) , - 1 6 . 9  (d , / ( H B )  =  
157  H z , 5B , B H );  31P ('H ): <5 =  1 6 .5 2  (d  o f  d , J ( A g ,09P ) =  7 6 6 , / ( A g I07P ) =  
6 6 4  H z , I P ) ;  IR  (K B r): 2 6 0 8  (vs, B H ) ,  2 5 9 3  c m - ’ (s, B H ) ;  e le m e n ta l  
a n a ly sis  ca lcd  (% ) fo r  C 19H 21B u A g P B r 4: C  2 3 .1 , H  2 .1 2 ; fo u n d :  C  2 2 .6 , H  
2.17.
[A g (P P h ,)2( C B n / / 6B r6)} (4): T h e  c o m p o u n d s  A g [ C B ,,H 6B r6] (0 .2 5 0  g, 
0 .3 4 5  m m o l)  an d  P P h 3 (0 .1 8 1  g , 0 .6 9 0  m m o l)  w e r e  s tirred  to g e th e r  in  
C H 2C12 (2 0  m L ) in  th e  dark  fo r  1 h o u r . T h e  s o lu tio n  fo r m e d  w a s  f ilte r e d  
an d  so lv e n t  r e m o v e d  in  v a c u o  to  le a v e  a  w h ite  s o lid . T h is  so lid  w as  
r e d isso lv ed  in m in im u m  C H 2C12, la y er e d  w ith  h e x a n e  an d  p la c ed  in a 
fr e e z e r  o v e r n ig h t  a t — 3 0  °C  to  a ffo rd  a c o lo u r le s s  m icr o c ry sta llin e  p o w d e r  
(0 .2 4 6  g , 5 7 % ).
’H {" B ): <5 =  7 .4 5 - 6 .8 7  (m , 3 0 H ;  Q H 5), 2 .4 5  (b r s , 1 H ;  C H afe) ,  2 .21  (b r s ,  
5 H ) ; » B : <5 =  1.3 (b r s , I B , B ) ,  -  6.8  (s, 5 B ) , - 1 7 .2  (d , / ( H B )  =  1 6 6  H z , 5 B );  
3,P { 'H ) ( 2 2 °C ): <5 =  8.1 (b r s ) ;  31P ('H )  ( - 8 0 ° C ) :  <5 =  8 .0 6  (d d , / ( 109A g P )  =  
2 5 6 , 107/ ( A g P )  =  2 2 3  H z ) ; IR  (K B r): 2 9 5 6  (vs, B H ) ,  2 5 8 7  c m - '  (s, B H );  
e le m e n ta l  a n a ly s is  c a lc d  (% ) fo r  C ^ H ttB n A g P zB r* : C  35 .7 , H  2 .8 9 ; fo u n d :  
C  3 5 .5 , H  3.01 .
G en er a l e x p e r im e n ta l p r o c e d u r e  fo r  c a ta ly tic  s tu d ie s :  T h e  im in e  I (0 .2 0 0  g, 
1.1 m m o l)  in d ic h lo r o m e th a n e  (1 .5  m L ) at r o o m  tem p e r a tu r e  w a s  a d d e d  to  
a stirr ing  so lu tio n  o f  fre sh ly  r e cr y sta llise d  c a ta ly s t  (1 m o l% )  in  d ic h lo r o ­
m e th a n e  (3 .5  m L ). T h e  re a c tio n  m ix tu r e  w a s  a l lo w e d  to  stir  fo r  5 m in u te s  
th e n  D a n is h e fsk y ’s d ie n e  (II) (3 2 0  p L , 1 .65 m m o l)  w a s  a d d e d  d ro p w ise .  
A fte r  6 0  m in u tes , th e  r e a c t io n  w a s  q u e n c h e d  w ith  a q u e o u s  so d iu m  
h y d ro g en  c a r b o n a te  an d  e x tr a c te d  w ith  e th y l a c e ta te . T h e  c r u d e  p ro d u ct  
w a s p u r ified  b y  c h r o m a to g r a p h y  o n  s ilic a  g e l (h e x a n e /e th y l  a c e ta te  4 :1 )  to  
a ffo rd  th e  p ro d u ct III.
‘H  N M R : <5 =  7 .67 ( d d , / ( H H )  =  1 ,7  H z , 1 H ) ,  7 .3 5 - 6 .9 9  (m , 1 0 H ) ,  5 .2 7  (d d , 
/ ( H H )  =  1 ,7  H z , 2 H ) ,  3 .2 9  ( d d , / ( H H )  =  7 ,1 6  H z , 1 H ) ,  2 .7 7  ( d d d , / ( H H )  =  
1 , 3 , 1 6  H z , 1 H ).
G e n e r a l p r o c e d u r e  fo r  N M R  tu b e  r ea ctio n s: S o lu t io n s  o f  c a ta ly s t  w e r e  
ty p ic a lly  p r ep a red  b y  d is so lv in g  th e  c o m p o u n d  (1 m g ) in  C D 2C12 (1 m L )  
w ith  th e  u se  o f  an  u ltra so u n d  b ath  to  e n su r e  c o m p le te  c a ta ly s t  d is so lu t io n ,  
a lth o u g h , b y  e y e , th e  s o lid s  s e e m e d  to  h a v e  d is so lv e d  c o m p le te ly . T h e  
r e le v a n t q u a n tity  o f  ca ta ly st  s o lu tio n  to  g iv e  a  0.1 m o l % c a ta ly s t  c o n c e n ­
tra tio n  ( i.e . 0.00011  m m o l o f  c a ta ly s t)  w a s ta k en  fro m  th is  s ta n d a rd  so lu tio n  
and p la c ed  in an  N M R  tu b e  p r e v io u sly  ch a rg ed  w ith  /V -b e n z y lid e n e a n ilin e  
(2 0  m g , 0.11 m m o l) .  D a n is h e fsk y ’s d ie n e  (3 2  pL , 0 .17  m m o l)  a n d  w a ter  
(1 pL , 0 .0 5 6  m m o l)  w e r e  a d d e d  to  th e  N M R  tu b e , w h ich  w a s  th e n  sh a k e n
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v ig o ro u s ly  b e fo r e  b e in g  p la c e d  in  th e  N M R  sp e c tr o m e te r  and  m ea su r e ­
m en ts  w e r e  ta k e n  a t t im e d  in terv a ls. T h e  d isa p p ea ra n ce  o f  th e  p e a k  at <5 =  
8 .51 d u e  to  P h N = C H P h  w a s  m o n ito r e d , a lo n g  w ith  th e  g ro w th  o f  th e  p ea k s  
c e n tr e d  a t 6 =  6 .6 4  an d  6 =  6 .5 4  [3 H  to ta l, in te r m ed ia te  V ] and  6 =  5 .2 7  [1 H  
to ta l, fina l p ro d u ct I I I ] . A  p lo t  fo r  e a c h  ca ta ly st, o f  t im e  v e r se s  c o n ­
su m p tio n  o f  I a n d  t im e  v e r se s  to ta l c o n c e n tr a tio n s  o f  V  and  III sh o w e d  
e sse n t ia lly  th e  sa m e  p ro file . R e p e a t  runs fo r  a ll th e  c a ta ly sts  te s te d  sh o w e d  
th e  sa m e  t im e -d e p e n d e n t  p ro file s.
In ter m e d ia te  V: 'H  N M R : 6 =  7 .56 (d , / ( H H )  =  13 H z , 1 H ),  7.42 -  7.40 (m , 
2 H ) ,  7 .2 8 -7 .2 3  (m , 1 H ) ,  7 .1 0 -7 .0 1  (m , 3 H ) ,  6 .64  (m , 1 H ) ,  6 .5 4  (m , 2 H ) ,  
5 .5 8  (d , / ( H H )  =  12  H z , 1 H ),  4 .8 6  (q , / ( H H )  =  6 H z , 1 H ) ,  4 .71 (d , / ( H H )  =  
6 H z , 1 H ),  3 .68  (s, 3 H ) ,  2 .9 4  (d d , / ( H H )  =  6 H z , 2 2 H ) ,  0 .1 4 4  (s, 9 H ) .  
X -ra y  c r y sta llo g r a p h y : T h e  cry sta l stru ctu re  d a ta  fo r  c o m p o u n d s  1 - 3  w e r e  
c o lle c te d  o n  a  N o n iu s  K a p p a C C D . S tru ctu re  s o lu tio n  fo llo w e d  by fu ll-  
m atrix  lea st-sq u a re s  r e fin e m e n t w a s p er fo rm ed  b y  u sin g  th e  S H E L X  su ite  
o f  p ro g ra m s th r o u g h o u t .1451 H y d r o g e n s  w e r e  in c lu d e d  a t ca lc u la ted  
p o s itio n s  th r o u g h o u t , w ith  th e  e x c e p tio n  o f  H 7  and  H 1 2  in  c o m p o u n d  2. 
T h e s e  la tter  h y d r o g e n s  w e r e  re a d ily  lo ca te d  in th e  p e n u lt im a te  d iffe r e n c e  
F o u rier  m a p  a n d  r e fin e d  at a  f ix e d  d is ta n c e  1.12 A  from  p a ren t a to m s  B (7 )  
a n d  B (1 2 ) ,  r e sp ec tiv e ly . P lo ts  w e r e  p ro d u ced  by u sin g  O R T E X .*441 
C C D C -1 7 1 7 2 1  (1 ),  1 7 1 7 6 9  (2 )  an d  1 6 8 8 2 8  (3 )  co n ta in  th e  su p p le m e n ta r y  
c ry sta llo g ra p h ic  d a ta  fo r  th is  p a p er . T h e se  d a ta  can  b e  o b ta in e d  fre e  o f  
ch a rg e  v ia  w w w .c cd c .c a m .a c .u k /c o n ts /r e tr ie v in g .h tm l (o r  fro m  th e  C a m ­
b rid g e  C ry sta llo g ra p h ic  D a ta  C en tre , 12 U n io n  R o a d , C a m b rid g e  
C B 2 1 E Z , U K ;  fax: ( + 4 4 ) 1 2 2 3 - 3 3 6 -0 3 3 ;  or  e -m a il:  d e p o s it@ c c d c .ca m .a c . 
u k ).
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Addition of Ag[c7asoCBnHi2] to [(PPh3)2RhCi]2 affords the new exopolyhedrally coordinated 
complex [(PPh3)2Rh(c/oso-CBnHi2)] (1), which has been characterized by multinuclear NMR 
spectroscopy and X-ray crystallography. Using the less nucleophilic [closo-CB11 HeBre] - anion 
afforded the arene-bridged dimer [(PPh3)(PPh2-776-C6H5)Rh]2[c/oso-CBiiH6Br6]2 (2) with poor 
compositional purity. However, with the new precursor complexes [(PPh3)2Rh(nbd)][Y] (Y = 
cVoso-CB]iHi2 (3), c7oso-CBnH6Br6 (4); nbd = norbomadiene) as starting materials, treatment 
with H2 affords 1 and 2 in good yield and compositional purity. Complex 2 has been 
characterized by multinuclear NMR spectroscopy and X-ray diffraction. The new complexes 
3 and 4 have been evaluated as internal alkene hydrogenation catalysts using the substrates 
cyclohexene, 1-methylcyclohexene, and 2,3-dimethylbut-2-ene under the attractive conditions 
of room tem perature and pressure. These new catalysts have also been compared with 
[(PPh3)2Rh(nbd)][BF4] and Crabtree’s catalyst, [(py)(PCy3)Ir(cod)][PF6] (cod =  1,5-cyclooc- 
tadiene). A clear counterion effect is observed. For the hydrogenation of cyclohexene the 
[BF4]- and [c7osoCBnHi2]- salts are broadly similar, but the [c/oso-CBnHeBre]- salt is 
significantly better, matching Crabtree’s catalyst in hydrogenation efficiency. This pattern 
is mirrored in the hydrogenation of 1-methylcyclohexene and the sterically hindered 2,3- 
dimethylbut-2-ene, although with the latter substrate Crabtree's catalyst does outperform
4. Nevertheless, these results are excellent for a rhodium complex, which have traditionally 
been considered as ineffectual catalysts for the hydrogenation of interned alkenes at room 
tem perature and pressure. The deactivation product in the catalytic cycle, [(PPh3)2HRh(a- 
Cl)2(a-H)RhH(PPh3)2][CBnHi2] (5), has been characterized by multinuclear NMR spectroscopy 
and X-ray crystallography.
In troduction
The use of rhodium-based catalysts of the general 
types RhCl(PR3)3 and [(PR3)2Rh(nbd)]+ (nbd = norbor- 
nadiene) for the hydrogenation of olefins has been a 
topic of significant academic and commercial interest 
over the last 30 years.1-4 However, one limitation of 
these systems is that they are relatively slow for the 
hydrogenation of internal double bonds under ambient 
laboratory conditions.5,6 This methodological gap is, in 
part, filled by iridium-based catalysts, such as [(cod)- 
Ir(pyridine)PCy3][PF6] (cod = 1,5-cyclooctadiene)5,7,8 or 
related compounds,9 which are significantly better at
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the room-temperature and -pressure hydrogenation of 
sterically demanding internal alkenes than their rhod­
ium counterparts [(PPh3)2Rh(nbd)][PFe] and RhCl- 
(PPh3)3. Since the catalysts of choice for hydrogenation 
of an alkene are often based around cationic metal 
fragments, such as {(L)2Rh(diene)}+ and {(L)2Ir(diene)}+ 
(L = phosphine), it is always necessary to pair these 
with an anionic counterion such as [BF4]- or [PFe]- . The 
role of the counterion in metal-mediated catalysis in 
general is becoming increasingly appreciated,10-12 and 
as far as hydrogenation reactions are concerned, notable 
examples exist of increases in both overall efficiency 
and enantioselectvity on changing the counterion.13-16 
Central to the work reported here is the use of least
(9) L ee , H . M.; J ia n g . T .; S t e v e n s ,  E . D .; N o la n . S . P . Organometallics 
2 0 0 1 ,  20, 1 2 5 5 .
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Soc. 1 9 9 9 . 121, 7 5 5 9 .
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Ed. 1 9 9 8 ,  37, 2 8 9 7 . (b) B la c k m o n d , D . G.; L ig h t fo o t , A.; P f la tz ,  A.; 
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coordinating anions17 to increase reaction rates and 
yields of product in catalytic processes that implicate a 
cationic, unsaturated metal center. We have a current 
interest in the use of weakly coordinating carborane 
monoanions18 partnered with Lewis acidic metal/ligand 
fragments,19-21 and have recently demonstrated that 
significant gains in rate enhancement and catalyst 
stability can be brought about by using anions derived 
from [C/OS0-CB11H12]- in a silver(I) phosphine catalyzed 
hetero Diels-Alder reaction.22 In particular, the use of 
the hexabromo-substituted carborane [c/oso-CBnH6- 
Br6]- affords a catalyst that shows significant increases 
in observed rate for this reaction over [cioso-CBnH^]- 
and other, more conventional counterions such as per­
chlorate and tetrafluoroborate.
Metallacarboranes, and especially rhodacarboranes, 
have been shown to be active homogeneous catalysts for 
alkene hydrogenation. This was first demonstrated by 
Hawthorne,23-28 who also elucidated the mechanistic 
aspects of these catalysts,29 showing that an exo-nido- 
{Rh(PR3)2>+ fragment plays an important part in the 
catalytic cycle. More recently, Teixidor and co-workers 
have extended this idea by using tethered exo-nido- 
monophosphinorhodacarboranes and -monothiorhodacar- 
boranes,30-33 while other workers have also contributed 
to the area, especially in enantioselective catalysis using 
rhodacarboranes.34 35 In general, all these catalysts show 
good activities for the hydrogenation of terminal olefins 
such as 1-hexene23'25,30 at room temperature and pres­
sure, while to effect the efficient hydrogenation of 
internal alkenes, such as cyclohexene, elevated pres­
sures are required (ca. 20 atm).33
Given the stated methodological gap in the ability of 
rhodium phosphines to hydrogenate internal alkenes 
efficiently, an obvious synthetic target is a rhodium
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B r e g a d z e ,  V . I. Tetrahedron Lett. 1 9 9 3 ,  34, 14 7 1 .
(35) B r u n n e r , H .; A p fe lb a c h e r , A.; Z a b el, M . Eur. J. Inorg. Chem.
2 0 0 1 ,  9 1 7 .
complex that might compete with iridium catalysts in 
the hydrogenation of relatively hindered internal alk­
enes under the attractive conditions of room tempera­
ture and pressure. The question we were interested in 
asking was whether this could be realized by changing 
the counterion from [BF4]- or [PFe]-  to one derived from 
[C/0SO-CB11H12]- , on the basis that the technological 
advances in performance made with rhodium-based 
systems (i.e. chiral ligands, precatalyst design, mecha­
nistic elucidation) could be incorporated directly into 
new, potentially more efficient catalysts. In this contri­
bution we report the synthesis and characterization of 
new rhodium catalyst precursors based around the 
anions [c/oso-CBnH^]- (I) and [c/oso-CBnHeBre]- (II) 
(Chart 1), and their subsequent evaluation as olefin 
hydrogenation catalysts. We demonstrate that this 
methodology affords complexes that are broadly com­
petitive with Crabtree’s catalyst in the room-tempera- 
ture and -pressure hydrogenation of the internal alkenes 
cyclohexene, 1-methylcyclohexene, and 2,3-dimethyl-2- 
butene.
R esults
Our initial synthetic goal was to prepare representa­
tive examples of rhodium phosphine complexes part­
nered with anions I and II, affording complexes that 
are active precatalysts for olefin hydrogenation. In such 
complexes, the weakly coordinating carborane anion 
could, in principle, easily move to one side to allow olefin 
and dihydrogen to coordinate to the rhodium, while 
remaining available in order to stabilize any unsatur­
ated metal center in a catalytic cycle by B—H—M or 
B—Br—M interactions. Given the established ability for 
carborane monoanions, especially the perhalogeno de­
rivatives, to stabilize reactive cationic species18-36-39 and 
reveal faster rates in Lewis acid catalyzed reactions,22 40 
we have synthesized precatalysts based on the Schrock— 
Osborn cationic system, of the general formula {[(PPhih- 
Rh] [Y]}„ (L =  PPh3; Y = [closo-CBn H,2], n = 1; Y = 
[c/oso-CBnHeBre], n = 2). These have been synthesized 
by two routes; silver salt metathesis and hydrogenation 
of a precursor norbornadiene complex.
Silver Salt M etathesis. Reaction of 1 equiv of 
[(PPh3)2RhCl]2 with Ag[c7oso-CBnHi2] affords a red 
solution from which the new complex [(PPh3)2Rh(c7oso- 
CB11H12)] (1) can be isolated in good yield as crystalline 
material. The solid-state structure of complex 1 is shown 
in Figure 1, with salient bond lengths and angles given 
in Table 2.
An X-ray diffraction study demonstrates that the {Rh- 
(PPh3)2}+ fragment is bound to the periphery of the cage 
by two B -H —Rh three-center—two-electron bonds. Exo- 
polyhedrally coordinated {Rh-L2}+ (L = two-electron 
donor) fragments with carborane anions have been 
reported previously. For example, we have recently
(36 ) X ie , Z. W .; M a n n in g , J .; R e e d , R . W .; M a th u r , R .; B o y d , P . D . 
W .; B e n e s i ,  A.; R e e d . C. A . J. Am. Chem. Soc. 1 9 9 6 ,  118, 2 9 2 2 .
(37) R eed , C. A.; F a c k le r , N . L. P .; K im , K . C.; S ta s k o ,  D .; E v a n s ,  
D . R.; B o y d . P . D . W .; R ic k a r d , C . E . F . J. Am. Chem. Soc. 1 9 9 9 ,  121, 
6 3 1 4 .
(38) R eed , C. A .; K im , K . C .; B o ls k a r , R . D .; M u e lle r , L . J .  Science 
2 0 0 0 ,  289, 1 01 .
(39) L u p in e t t i ,  A . J .; H a v ig h u r s t ,  M . D .; M ille r , S . M .; A n d e r s o n . O. 
P.; S t r a u s s .  S . H . J. Am. Chem. Soc. 1 9 9 9 ,  121, 1 1 9 2 0 .
(40) D u b a y , W . J.; G rieco . P . A.; T o d d , L . J . J. Org. Chem. 1 9 9 4 ,  59, 
6 8 9 8 .
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P P h 3
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P h 3P
P P h 3
[CBnHeBreJj




reported the synthesis and solid-state structure of [(cod)- 
Rh(c/oso-CBuHi2)],21 while structures incorporating 
nido-{C2Bg} cages, such as [eYO-/7/do-{Rh(PPh3)2}-7-Me- 
8-Ph-7,8-C2B9Hio].26 [Rh(7-SR-8-R'-7,8-C2B9H10)(cod)] 33 
and [10-e/7^ {A u(P Ph3)}-5,10-^-H)2-eA'o-{Rh(PPh3)2}- 
7,8-Me2-nic/o-C2B9H7],41 are well-established. The spec­
troscopic characterization of the related complex [Re- 
(CO)3-exo{Rh(PPh3)2}-7,8-Me2-/2/ofe>-7I8-C2B9H9] has also 
been reported.42 The {Rh(PPh3)2}+ fragment in 1 is 
coordinated with the cage via two three-center—two- 
electron bonds through (BH(12)} and (BH(7)}, giving 
the molecule approximate Cs symmetry, similar to that 
observed for [(cod)Rh(c7oso-CBnHi2)], and is as expected 
on the basis of charge distribution in the cage.43 
Although the location of the {CH} vertex in carboranes 
can sometimes be problematic, C(l) was located unam­
biguously by inspection of its thermal parameters and 
bond lengths to neighboring atoms. The two Rh-B 
distances are similar, Rh(l)—B(7) = 2.359(3) A and 
R h(l)-B (12) =  2.407(3) A. These bond lengths are 
comparable to those observed in [(cod)Rh(c/oso-CBnHi2)]: 
viz., 2.391(3) and 2.385(3) A. The rhodium center in 1
(41) J e ffe r y , J . C.: J e l l i s s .  P . A.; S to n e . F . G . A . J. Chem. Soc.. Dalton 
Trans. 1 9 9 3 , 1 0 7 3 .
(42) E l l is ,  D . D .; J e l l i s ,  P . A.; S to n e , F . G. A . Organometallics 1 9 9 9 ,  
18, 4 9 8 2 .
(43) H o ffm a n n , R.; L ip sc o m b . W . N . J. Chem. Phys. 1 9 6 2 , 36, 3 4 8 9 .
Ph3P ^  P^Ph3
P h 3 P
R h ; — ^ R h  
c H '  P P h 3
Cy3P ^ lr' :-[p^
(PPJ
B
M e M e
> = <
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E
is pseudo square planar coordinated, as reflected in the 
P(l)-P(2)-B(12)-B(7) dihedral angle of 7.35°. All other 
bond lengths and angles in 1 are within the ranges 
expected and are unremarkable.
In solution, the solid-state structure of 1 is not 
retained. The {Rh(PPh3)2>+ fragment is fluxional over 
the lower surface of the cage on the NMR time scale, 
which is evidenced by local C$v symmetry for the cage 
being observed in both the 11B{1H} and ^ ^ B }  NMR 
spectra. Thus, three environments are seen in the 
"B^H } NMR spectrum, at <5 -9.9, -13.5, and -14.1, 
in the ratio 1:5:5. This pattern is also mirrored in the 
B -H  region of the ^ { “ B} NMR spectrum. Coordina­
tion of a metal fragment to [closo-CB\\H\2\~ generally 
results in a diagnostic upfield shift of those {BH} 
vertexes involved in bonding,19,21 and the room-temper- 
ature 11B{1H} and ^ { " B )  NMR spectra of complex 1 
reflect this by a shift of the signals assigned to the 
(BH(12)} vertex and the lower pentagonal belt {BH} 
vertexes, B(7) to B(ll), compared with Ag[CBnH|2].20 
In particular, the unique antipodal {BH} unit is ob­
served at 5 - 1.97 in the 1H{1 !B} NMR spectrum, which 
becomes a well-resolved quartet with a reduced value 
for the BH coupling constant (J(BH) = 119 Hz) in the 
JH NMR spectrum. This is consistent with coordination 
of a metal fragment and reduction of the B-H  bond
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Figure 1. ORTEX drawing of complex 1. Thermal ellipsoids are drawn at the 30% probability level.
Table 1. Crystal Data and Structure Refinement for Complexes 1, 2, and 5
1 2 5
e m p ir i c a l  f o r m u la C37H42B11P2RI1 C 74 H 7 2 B 2 2 B r ,2 P 4 R h 2 * 2 .7 8 C H 2 C l2 C 74H 77B 1 lC l4P 4R h 2
fw 7 7 0 .4 7 2 7 2 3 .8 5 1 5 5 6 .7 7
77K 2 9 3 ( 2 ) 1 5 0 (2 ) 1 5 0 (2 )
c r y s t  s y s t m o n o c l in ic m o n o c l in ic m o n o c l in ic
s p a c e  g r o u p PZi/c C2Jc PZi/n
alA 9 .2 2 6 3 0 ( 1 0 ) 2 6 .9 5 7 0 ( 6 ) 2 0 .5 7 2 0 ( 7 )
b/k 1 4 .5 2 9 2 (2 ) 1 5 .0 2 9 0 (4 ) 1 6 .3 6 2 0 (5 )
dk 2 8 .4 3 4 5 ( 3 ) 2 7 .8 9 7 0 (7 ) 2 1 .5 5 7 0 ( 8 )
a / d e g 9 0 9 0 9 0
/3 /d e g 9 3 .3 5 1 0 ( 6 ) 1 1 3 .2 8 4 (2 ) 9 0 .6 9 9 ( 2 )
9 0
3 8 0 5 .1 5 ( 8 )
9 0
1 0 3 8 1 .6 (4 )
9 0
7 2 5 5 .5 (4 )
z 4 4 4
/ i / m m ' 1 0 .5 6 1 5 .1 8 1 0 .7 3 3
n o . o f  r f ln s  c o l l e c t e d 5 7  9 0 7 7 2  5 1 9 5 3  1 6 2
n o . o f  in d e p  r f ln s 8 7 0 3  (R „t =  0 .0 4 6 8 ) 9 1 3 3  (Rint =  0 .1 2 3 9 ) 1 2  7 0 5  (R ,„t =  0 .2 7 3 9 )
f in a l  R l ,  w R 2  i n d ic e s
/> 2o(l) 0 .0 3 0 9 ,  0 .0 8 5 0 0 .0 6 9 9 ,  0 .1 2 6 1 0 .0 8 2 7 ,  0 .1 3 5 8
a l l  d a t a 0 .0 4 4 7 ,  0 .1 0 4 8 0 .1 2 4 7 ,  0 .1 4 7 1 0 .1 8 8 6 ,  0 .1 7 4 2
strength.44 The lower pentagonal belt hydrogen atoms 
are observed as a broader quartet shifted upfield to <5 
0.1; while the upper belt hydrogens, which are not 
involved with metal binding, are essentially unshifted. 
The fluxional process also renders the phosphine ligands 
equivalent on the NMR time scale, with one environ­
ment being observed at <3 49.0 (J(RhP) = 194 Hz). These 
observations are consistent with the mechanism previ­
ously proposed for the dynamic process occurring with 
other {L2M} fragments coordinated to [closo- 
CBnHiz]-,2145 [nido-CzBgHn]- .26 or its derivatives.42
Reaction of [(PPh3)2RhCl]2 with 1 equiv of Ag[c7oso- 
CBnHeBre] affords a red solution which, after filtration, 
contains only one compound, spectroscopically identified 
as [(PPh3)2Rh(776-C6H5Me)][CBiiH6Br6] by a doublet at 
d 45.1 (J(RhP) = 206 Hz) in the 31P{»H} NMR spectrum
(44) C r o w th er , D . J.; B o r k o w sk y , S . L.; S w e n s o n ,  D .; M e y e r , T . Y.; 
J o r d a n , R. F . Organometallics 1 9 9 3 , 12, 2 8 9 7 .
(45) M h in z i, G . S .; L it s t e r ,  S . A.; R e d h o u s e . A . D .; S p e n c e r , J . L . J. 
Chem. Soc., Dalton Trans. 1 9 9 1 ,  2 7 6 9 .
and characteristic signals due to coordinated arene in 
the JH NMR spectrum. These chemical shifts and 
coupling constants are similar to those reported for 
[(dppe)Rh(776-C6H6)][BF4],46 and we presume that the 
coordinated toluene arises from residual solvent left over 
from the preparation of [(PPhshRhClh. In our hands, 
repeated washing of the starting material did not 
completely remove toluene and the arene-coordinated 
cation persisted. Employing [(PPh3)2RhCl]2 prepared 
using methyl ethyl ketone as solvent47 gave a mixture 
of products, although the toluene-coordinated complex 
was absent. We have not actively pursued the complete 
identification of all the components of this mixture, but 
we could assign the major species as being the arene- 
bridged dimer complex [(Ph3P){PPh2(776-C6H5)}Rh]2-
(46) S in g e w a ld ,  E . T .; S lo n e , C . S .; S t e m ,  C . L.; M irk in , C . A .; Y ap . 
G. P . A.; L ia b le -S a n d s .  L. M .; R h e in g o ld , A . L. J. Am. Chem. Soc. 1 9 9 7 .  
119, 3 0 4 8 .
(47) O sb o rn , J . A .; J a r d in e , F . H .; Y o u n g . J . F .; W ilk in so n , G . J. 
Chem. Soc. A 1 9 6 6 , 1 7 1 1 .
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Table 2. Selected Interatomic Distances (A) and 
Angles (deg) for Compounds 1, 2, and 5
C o m p o u n d  1 
2 .2 1 9 2 ( 6 )  R h ( l ) - P ( 2 )  2 .2 3 9 1 ( 6 )
2 .3 5 9 (3 )  R h ( l ) - B ( 1 2 )  2 .4 0 7 (3 )
R h ( l ) - P ( l )  
R h ( l ) - B ( 7 )
P ( l ) - R h ( l ) - P ( 2 )
P ( 2 ) - R h ( l ) - B ( 7 )
P ( 2 ) - R h ( l ) - B ( 1 2 )
R h ( l ) - P ( l )
R h ( l ) - C ( 2 )
R h ( l ) - C ( 4 )
R h ( l ) - C ( 6 )
R h ( l ) - P ( l )
R h ( l ) - B r ( 7 )
9 5 .7 3 ( 2 )  P ( l ) - R h ( l ) - B ( 7 )  1 1 3 .8 8 (7 )
1 5 0 .3 9 (7 )  P  (1 )—R h  (1 )—B (1 2 )  1 5 5 .4 6 (6 )
1 0 7 .9 8 (6 )  B ( 7 ) - R h ( l ) - B ( 1 2 )  4 2 .5 7 (9 )
C o m p o u n d  2
2 .2 4 8 ( 2 )
2 .3 9 9 ( 8 )
2 .2 6 9 (8 )
2 .3 1 6 (9 )
2 .2 4 7 ( 2 )
5 .8 4 8 (1 )
R h ( l ) - P ( 2 )
R h ( l ) - C ( 3 )
R h ( l ) - C ( 5 )
R h ( l ) - C ( 7 )
R h ( l ) - P ( 2 )
2 .2 6 2 (3 )
2 .3 6 5 (8 )
2 .3 3 3 (9 )
2 .2 5 4 (8 )
2 .2 6 2 (2 )
R h ( l ) - P ( l ) —C (2 )  1 0 8 .9 (3 )  P ( l ) - R h ( l ) - P ( 2 )  9 5 .9 6 (8 )
C o m p o u n d  5  
2 .7 7 6 ( 1 )  R h ( l ) - H ( l )  1 .5 9 (7 )
1 .6 0 (9 )  R h ( l ) - H ( 3 )  1 .8 2 (6 )
1 .8 2 (6 )  R h ( l ) - P ( l )  2 .2 5 7 (3 )
2 .3 1 3 ( 3 )  R h ( 2 ) - P ( 3 )  2 .2 5 7 (3 )
2 .3 0 1 ( 3 )  R h ( l ) - C l ( l )  2 .4 1 6 (3 )
2 .5 5 3 ( 2 )  R h ( 2 ) - C l ( l )  2 .5 3 8 (3 )
2 .3 9 4 ( 2 )
6 8 .1 1 ( 7 )  R h ( l ) - C l ( 2 ) - R h ( 2 )  6 8 .1 9 (7 )
9 9 ( 3 )  P ( l ) - R h d ) —P (2 )  9 9 .0 1 (9 )
1 0 2 .3 (1 )
1 6 3 (3 )  H ( 2 ) - R h ( 2 ) - C l ( l )  1 6 8 (4 )
R h ( l ) - R h ( 2 )
R h ( 2 ) - H ( 2 )
R h ( 2 ) - H ( 3 )
R h ( l ) - P ( 2 )
R h ( 2 ) - P ( 4 )
R h ( l ) - C l ( 2 )
R h ( 2 ) - C l ( 2 )
R h ( l ) - C l ( l ) - R h ( 2 )
R h ( l ) - H ( 3 ) - R h ( 2 )
P ( 3 ) - R h ( l ) - P ( 4 )
H ( l ) - R h ( l ) - C l ( 2 )
[closo-CBi ]HeBre]2, which can be prepared quantita­
tively using an alternative method (vide infra). Given 
that the silver salt metathesis route using Ag[c7oso- 
CBnHeBre] did not give a clean reaction, an alternative 
method was used to generate precatalyst partnered with 
this weakly coordinating anion.
N orbornadiene P recu rso r Complexes. An attrac­
tive aspect of cationic Schrock-Osborn rhodium cata­
lysts is that air-stable precatalysts such as [(L^Rh- 
(nbd)][PFe] (L = phosphine) can be readily prepared. In 
coordinating solvents the active hydrogenation catalyst 
[(L)2RhH2(solvent)2][PFe] is straightforwardly produced 
by treating a solution of these olefin complexes with 1 
atm of hydrogen.2 In noncoordinating solvents, such as 
dichloromethane, treatment of [(L2)Rh(nbd)][BF4] (L2 = 
chelating diphosphine) affords dimeric species with 
bridging arene groups.48 49 With relatively more coor­
dinating anions than [BF4]~ or [PFe]', such as perchlo­
rate or sulfonates, monomeric species are suggested to 
occur.14 49 When the counterion also contains phenyl 
groups, arene-bound zwitterions such as (?76-PhBPh3)- 
Rh(dppb) (dppb = diphenylphosphinobutane) can be
(48) H a lp e r n , J .; R iley , D . P .; C h a n , A . S . C .; P lu th ,  J . J .  J. Am. 
Chem. Soc. 1 9 7 7 ,  99, 8 0 5 5 .
(49) F a ir lie ,  D . P.; B o s n ic h , B . Organometallics 1 9 8 8 ,  7, 9 3 6 .
M h2
CH2Cl2
P h 3 P
[C B 1,H e B r6]2
formed.50 The kinetic aspects of the hydrogenation of 
alkenes and alkynes by [(PPh3)2Rh(nbd)][BF,i] in non­
coordinating solvents such as CH2CI2 has also been 
discussed.5152
Treatment of a dichloromethane solution of the new 
complex [(PPh3)2Rh(nbd)][c/oso-CBnHi2] (3) with H2 (1 
atm) for 10 min resulted in a color change from orange 
to red. After removal of volatiles in vacuo, NMR 
spectroscopy ('H, 31P{‘H}, and "B^H}) showed that 
compound 1 is formed essentially quantitatively (Scheme 
1). This puts [c7oso-CB,,Hi2]- in the same league as 
anions such as sulfonates and perchlorate with regard 
to coordinating ability, as all of these anions can form 
complexes with (L2Rh}+ fragments. In contrast, expo­
sure of [(PPh3)2Rh(nbd)][c7oso-CB,iH6Br6] (4) to H2 in 
dichloromethane affords a claret-colored solution from 
which the dimeric species [(PPh3)(PPh2-7/6-C6H5)Rh]2- 
[closoCB\\ HeBre]2 (2) can be isolated as an air-sensitive 
crystalline solid. Compound 2 was characterized by 
solution NMR spectroscopy and a single-crystal X-ray 
diffraction study and shown to have a structure in which 
an arene ring from one of the phosphines on each 
rhodium bridges to the second metal center in the 
cation. The isolation of the dimeric species with [c7oso- 
CBnHeBre]- is in agreement with the relative weakly 
coordinating abilities of this anion compared with [closo 
CBu Hi2]- 18 and other anions.20,53 Conversion of 4 to 2 
is essentially quantitative (by NMR).
Comparison of the 1H and ^Pf'H} NMR spectra of 2 
with those of other reported complexes that contain tj6- 
arene-bridged structures shows close similarities.49 54 
Specifically, the observation of diagnostic peaks between 
<3 5.32 and 7.43 in the !H NMR spectrum is strongly 
indicative of the proposed arene-bridged structure. In 
the 31P{1H} NMR spectrum two environments are 
observed at d 44.6 and 47.5, which show coupling to 31P 
and 103Rh in a second-order AA'BB'XX' system, again 
consistent with previously reported arene-bridged com­
plexes containing chelating phosphine ligands.54 The 
31P{JH} NMR spectrum of complex 2 may be simulated 
satisfactorily using the program gNMR55 (see Support­
ing Information). Inspection of the ‘H ^ ’B) NMR spec­
trum confirmed the ratio of phosphines to cage as 2:1. 
Although such bridged arene structures have been
(50) Z h ou , Z.; F a c e y , G .; J a m e s ,  B . R.; A lp er , H . Organometallics 
1 9 9 6 ,  15, 2 4 9 6 .
(51) E s t e r u e la s ,  M. A .; G o n z a le z , I.; H er r e r o , J .:  O ro, L . A . J. 
Organomet. Chem. 1 9 9 8 ,  551, 49.
(5 2 ) E s t e r u e la s ,  M . A .; H er r e r o , J.; M a r tin , M .; O ro . L. A.; R e a l, V. 
M. J. Organomet. Chem. 2 0 0 0 ,  599. 178.
(53 ) E v a n s ,  D . R.; R e e d , C. A . J. Am. Chem. Soc. 2 0 0 0 ,  122, 4 6 6 0 .
(54) A lle n . D . G .; W ild , S . B .; W ood , D . L. Organometallics 1 9 8 6 ,  5, 
1009.
(55 ) B u d z e la a r , P . g N M R ; C h e r w e ll  S c ie n t i f ic  P u b lis h in g ,  O xford , 
U.K.. 1997.
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Figure 2. ORTEX drawing of the dicationic portion of complex 2. Thermal ellipsoids are drawn at the 30% probability 
level. The disorder present in phenyl ring C(32)—C(37) and its symmetry equivalent is not shown, with only the major 
component (65% occupancy) drawn.
Table 3. Catalytic Hydrogenation o f Selected  A lkenes Using Com plexes 3, 4 , 1, and IIa
e n t r y c a t a l y s t s u b s t r a t e t im e ,  h y ie ld ,*  % T O F , h " 1
1 [ (P P h 3) 2R h ( n b d ) ] [ C B „ H , 2] (3 ) c y c lo h e x e n e 2 4 3 22
2 [ (P P h a h R h fn b d J H C B u H e B r s ]  (4 ) c y c lo h e x e n e < 0 .5 100 > 2 0 0
3 [ (P P h 3) 2R h (n b d ) ] [ B F 4] (A ) c y c lo h e x e n e 2 2 9 15
4 [(P P h 3) 2R h (n b d ) ] [ C B n H , 2] (3 ) 1 - m e t h y l - 1 - c y c lo h e x e n e 6 4 0 .7
5 [ (P P h 3) 2R h (n b d ) ] [ C B u H 6B r 6l (4 ) 1 - m e t h y l - 1 - c y c lo h e x e n e 5 9 5 1 9
6 ( (p y ) (P C y 3) I r ( c o d ) ] [ P F 6] (B ) 1 - m e t h y l - 1 - c y c lo h e x e n e 5 100 2 0
7 [ (P P h 3) 2R h ( n b d ) ] I C B ,,H 6B r 6] ( 4 ) 2 ,3 - d im e t h y lb u t - 2 - e n e 2 4 6 8 3
8 [ (p y ) (P C y 3) I r ( c o d ) ] [ P F 6] (B ) 2 ,3 - d i m e t h y l b u t - 2 - e n e 16 9 5 6
a C o n d it io n s :  c a t a l y s t ,  1 m o l  %; C H z C l .2 5  c m 3; H 2, 1 0  p s i;  t e m p e r a t u r e .  2 0  ®C. * Y ie ld s  q u o t e d  a r e  t h e  a v e r a g e  o f  t w o  r u n s  a n d  w e r e  
d e t e r m in e d  b y  G C .
established in the literature for some time, to our 
knowledge compound 2 is the first example isolated 
using a monodentate phosphine. A single-crystal X-ray 
diffraction study was therefore undertaken to confirm 
the structure, for which an ORTEX56 representation is 
given in Figure 2. Despite repeated attempts, only very 
small, poorly shaped crystals of 2 could be grown, and 
consequently the final refinement is not as good as we 
would traditionally expect from data collected on our 
diffractometers. Nevertheless, the gross structural fea­
tures of the molecule can be seen, even if discussion of 
individual bond lengths and angles is not appropriate.
The solid-state structure of 2 supports the solution 
NMR data, in that each rhodium center is bound to two 
PPh3 ligands, one of which bridges to another rhodium 
center via an tj6 interaction, resulting in a formal 18- 
electron count at each metal center. The molecule 
crystallizes with a crystallographically imposed inver­
sion center. The two carborane anions do not interact 
with the metal centers, the shortest R lv B r  distance 
being 5.85 A. It is of note that the room-temperature 
'H NMR spectrum shows a particularly high-field- 
shifted resonance of one of the bridging arene protons, 
at d 5.32, and we assign this to the hydrogen atom H(4) 
and its symmetry equivalent in the solid-state structure 
which lies approximately over the center of the phenyl 
ring C(26)-C(31).
(56) McArdle, P. J. Appl. Crystahogr. 1995, 28, 65.
C ata ly tic  H y d ro g en a tio n s. The precatalysts 3 
and 4 have been tested for their efficiency in the 
hydrogenation of the internal alkenes: cyclohexane (C), 
1-methylcyclohex-l-ene (D), and 2,3-dimethylbut-2-ene 
(E), which are progressively more sterically hindered 
and have historically not been suitable substrates for 
cationic [(R3P)2Rh(nbd)]+-based catalysts under ambient 
laboratory conditions. Hydrogenation reactions were 
performed at room temperature under 10 psi of hydro­
gen pressure in Schlenk tubes fitted with septa, using 
1 mol % of catalyst in ca. 5 cm3 of CH2CI2. The catalytic 
activity of [(PPh3)2Rh(nbd)](BF4] (A) and Crabtree’s 
catalyst [(py) (PCy3)Ir(cod)][PF6] (B) under the conditions 
used by us for the evaluation of the new catalyst here 
have been included for comparison. Table 3 summarizes 
selected results from this investigation.
The data presented in Table 3 show that changing 
the counterion from [c/oso-CBnH^]- to [c/oso-CBnH6- 
Bre]- results in a dramatic effect on both the overall 
yield of hydrogenated product and the turnover fre­
quency (TOF). While precatalyst 3 (and thus complex 1 
on initial hydrogenation) gives modest yields of satu­
rated product for cyclohexene after 2 h (entry 1), 
precatalyst 4 (giving complex 2 on initial hydrogenation) 
affords complete hydrogenation of cyclohexene to cyclo­
hexane in under 30 min (entry 2), with an concomitant 
order of magnitude difference in TOF compared with 3 
on changing the counterion from [cioso-CBnH^]- to
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Figure 3. ORTEX drawing of the cationic portion of complex 5. Thermal ellipsoids are drawn at the 30% probability 
level. Hydrogen atoms, apart from those associated with the rhodium metal centers, are omitted for clarity.
[c/o50-CBuH6Br6]“. When [BF4]~ is used as the coun­
terion (entry 3), the yield of hydrogenated product is 
comparable to that of 3 but significantly smaller than 
that of 4. Moving to the more sterically hindered olefin
1-methyl-1-cyclohexene. the effect of anion is even more 
pronounced (entries 4 and 5). After 5 h almost complete 
conversion (95%) is observed with 4, while complex 3 
barely effects hydrogenation. For comparison we have 
tested Crabtree’s catalyst under these conditions and 
find that complete hydrogenation of D is effected after 
5 h (entry 6). Even with the sterically very hindered 
alkene 2,3-dimethylbut-2-ene, complex 4 effects 68% 
conversion to the alkane (entry 7). Although this is not 
as good as we find for Crabtree’s catalyst (entry 8), as 
far as we are aware this is excellent for a rhodium 
catalyst under the benign conditions of room tempera­
ture and pressure. Comparable activities have recently 
been reported for neutral /J-diimine rhodium complexes, 
hydrogenation in this case being performed in neat 
olefin.57
Deactivation Product. The fact that the reduction 
of the hindered alkene 2,3-dimethyl-but-2-ene did not 
go to completion suggested that a catalytically inactive 
complex is formed during hydrogenation, similar to the 
dimeric and trimeric hydride-bridged iridium cations, 
such as [Ir2H5(PPh3)4]+ and [Ir3H7(PCy3)3(py)3]+. that 
are the deactivation products with Crabtree’s catalyst 
and related complexes7 or the catalytically inactive 
dimeric rhodium complexes formed on hydrogenation of 
Schrock-Osborn type systems.16 A NMR spectrum 
of the residue from the hydrogenation of 2,3-dimethyl- 
but-2-ene with preacatalyst 4 shows that there is one 
major organometallic product (ca. 95%). Initially we 
partially characterized this as the cationic hydride- 
and halide-bridged dimer [(PPh3)2HRh(a-Cl)2(M-H)RhH- 
(PPh3)2j[cfoso-CB),H6Br6] ((5)[CBnH6Br6]) by multi- 
nuclear NMR spectroscopy. The structure was only 
ultimately resolved by a single-crystal X-ray analysis 
of the [c/oso-CBiiHi2]-  salt, which was formed by 
treatment of a CH2C12 solution of 3 with H2 over 4 days
(57) B u d z e la a r , P .; M o o n e n , N . N . P.; D e  G e ld e r , R.; S m it s ,  J .  M . 
M .; G a l, A . W . Eur. J. Inorg. Chem. 2 0 0 0 ,  7 5 3 .
to afford (5)[c7oso-CBnHi2] as the major product. Al­
though we have isolated single crystals of the [closo- 
CBhHj2]_ salt, NMR data are identical for both anions, 
disregarding the resonances associated with the cage 
hydrogen atoms, demonstrating that they adopt the 
same structural motif. An ORTEX representation of 
(5)[CBhHi2] is shown in Figure 3.
The complex (5)[CBnHi2] is a cationic 34-CVE dimer, 
with a Rh-Rh distance that suggests a significant 
metal—metal interaction (2.776(1) A). Each rhodium is 
spanned by two chloride atoms and one hydride ligand, 
while one terminal hydride is found on each metal 
center along with two PPh3 ligands. The hydrides were 
located in the difference map and their positions con­
firmed by NMR data. The terminal hydride ligands are 
orientated in an anti configuration with respect to the 
Rh—Rh vector, giving the molecule approximate, non- 
crystallographic C2 symmetry. One carborane anion is 
located in the unit cell, giving the metal complex an 
overall positive charge. This makes each metal center 
formally Rh3+, consistent with the observed diamagne­
tism. The Rh-Rh distance is in the range associated 
with dinuclear rhodium complexes with a m etal-metal 
bond.58-60 The two chloride ligands do not span the Rh- 
Rh vector symmetrically, one Rh-Cl distance in each 
R h-C l-R h unit being significantly longer than the 
other: viz., Rh(2)-Cl(l) =  2.538(3) A and Rh(l)-Cl(l) 
= 2.416(3) A. This difference can be traced back to the 
approximate trans orientation of the terminal hydrides 
with respect to the chloride ligands (H(2)-Rh(2)-Cl(l) 
= 168(4)° and H (l)-Rh(l)-C l(2) =  163(3)°), meaning 
that each bridging chloride is approximately trans to 
both a phosphine and a hydride, with a resulting 
differential in the observed Rh-Cl bond lengths. Simi­
larly, the phosphine trans to the bridging hydride on 
each rhodium has a slightly longer R h-P  bond length: 
R h(l)-P(l) = 2.257(3) A and Rh(l)-P(2) = 2.313(3) A. 
The complex (5)[CBnH|2] is closely related to the
(58) H e r r m a n n , W . A . Adv. Organomet. Chem. 1 9 8 2 , 20, 1 59 .
(59) I s o k e , K.; V a z q u e z  D e  M ig u e l .  A .; B a i le y ,  P . M .; O k e y a , S .;  
M a it l is ,  P . M . J. Chem. Soc.. Dalton Trans. 1 9 8 3 , 1441
(60) K o iz u m i, T.; O sa k a d a , K.; Y a m a m o to , T . Organometallics 1 9 9 8 ,  
17. 5 7 2 1 .
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Figure 4. Experimental (top) and simulated (bottom) ‘H 
NMR spectra for the bridging hydride region in the cation 
[(PPh3)2RhH(«-H)^-Cl)2HRh(PPh3)2]+.
structurally characterized [Ir2H5(PPh3)4]+,7 apart from 
the replacement of two bridging hydrides in the iridium 
complex by chlorides, which must originate from the 
dichloromethane solvent used in the hydrogenation 
reactions. In addition, the cation [5]+ is the rhodium 
congener of [Ir2(H(PPh3)z)2(w-H)(la-Cl)2]+ formed from 
addition of HCl to [Ir(H(PPh3)z)(a-H)3]+.61,62 Attempts 
to avoid dimer formation by hydrogenation in THF 
rather than dichloromethane led only to low activities 
(ca. 10% for cyclohexene, [closo-CB11H6Br6] counterion) 
in this coordinating solvent. In addition to dimeric 
rhodium hydride compounds previously observed as 
deactivation products in Schrock-Osborn type systems, 
dimeric complexes formed on hydrogenation of rhoda­
carboranes have been reported previously,23 while, in 
contrast, certain exo-substituted rhodacarboranes have 
been shown to be recoverable after catalytic hydrogena­
tion in toluene or THF.32
With the identity of the cation [5]+ in hand, the *H 
and 31P NMR spectra can be confidently interpreted as 
being fully consistent with the solid-state structure. The 
31P{'H} NMR spectrum displays two strongly second- 
order coupled resonances at <5 36.0 and <5 51.5, corre­
sponding to the two phosphine environments in [5]+. 
The spectrum has been successfully simulated as an 
AA'BB'XX' spin system (see the Supporting Informa­
tion). In the hydride region of the NMR spectrum 
two resonances are observed in the ratio 1:2 at 6 —11.0 
and -16.5, assigned to the bridging and terminal 
hydrides, respectively. The latter resonance is observed 
as an apparent quartet (doublet of doublet of doublets), 
showing coupling to one 103Rh center and two 31P nuclei, 
which simplifies to a doublet in the 1H{3,P} NMR 
spectrum. The fact that no !H—*H coupling is observed 
(or it is very close to 0 Hz) was confirmed by a selected 
homonuclear decoupling experiment that showed no 
change in peak pattern or intensity for either of the 
hydride peaks on irradiation of the other. The bridging 
hydride at <5 -11.0 is observed as a complicated multi- 
plet that resembles a triplet of septets, which simplifies 
to a binomial triplet in the ^{^ P }  NMR spectrum, thus 
confirming the R h-H -R h motif. The coupling pattern 
has been successfully simulated as a AA'BB'MXX' spin 
system (Figure 4) (full details of the resolved coupling 
constants are given in the Supporting Information). The 
large triplet coupling arises (J(PH) = 75 Hz) from trans 
coupling of the bridging hydride with the two chemically
( 6 1 )  C ra b tr e e , R.; P a r n e ll, C. A.; U r ia te . R . J . Organometallics 1 9 8 7 ,
6, 6 9 6 .
( 6 2 )  C r a b tr e e . R.: F e lk ln .  H .; M o rris , G . E . J. Organomet. Chem. 
1 9 7 7 ,  141. 2 0 5 .
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equivalent phosphorus atoms P(2) and P(4). Similarly 
large PH coupling constants in related, spectroscopically 
characterized, binuclear rhodium phosphines with bridg­
ing hydrides have been observed previously.16-63-64 All 
other JH and 31P{’H} spectral features are fully con­
sistent with the solid-state structure.
Discussion
Clearly, from these results there is a large effect 
associated with changing the counterion from [BF4]_ to 
[c7osoCBiiHi2]- or [c7oso-CBiiH6Br6]- , the perhalogeno 
anion giving precatalysts that are significantly more 
active in alkene hydrogenation, which is on first inspec­
tion consistent with the coordinating ability of these 
anions.17-38,65 The large difference observed between 4 
(cioso-CBnHeBre) and A (BF4) is interesting, as on 
hydrogenation in CH2CI2 both form complexes in which 
the anion does not interact with the metal70 (i.e. complex 
2), unlike with 3, where there exists a more intimate 
bond between metal center and carborane on initial 
hydrogenation (complex 1). Whether these results sug­
gest that the notionaily least coordinating [c7oso-CBnH6- 
Br6]~ counterion plays a significant role in the catalytic 
cycle, perhaps by stabilizing a reactive intermediate 
better than [BF4]_ does; or that, in contrast, the carbo­
rane simply does not interact with the metal center 
significantly compared with [BF4]“, resulting in faster 
turnover of the catalytic cycle, is not clear. The role of 
the counterion in olefin hydrogenation by cationic 
rhodium phosphine fragments partnered with sulfonate 
anions has recently been discussed, and it is suggested 
that the anion remains coordinated with the metal 
center throughout the catalytic cycle.16 The proposed 
“low-pressure route” discussed in this particular system 
(ca. 1 atm of Hz) involves coordination of alkene first 
followed by oxidative addition of dihydrogen, with the 
sulfonate anion changing its denticity accordingly 
through the catalytic cycle. Significant counterion effects 
have also been reported in cationic iridium phosphano- 
dihydrooxazole-based hydrogenation systems: moving 
from [PF6]~ to [BArr]- type counterions has a positive 
effect on conversion, enantiomeric excess, and catalyst 
stability in the high-pressure (50 bar) hydrogenation of 
sterically very-hindered stilbene derivatives, although 
the exact role of the counterion in the catalytic cycle 
remains unresolved.15 66 In comparison, catalyst 4 effects 
essentially no conversion at room temperature and 
pressure of trans-a-methylstilbene to the corresponding 
alkane (<2% by GC after 6 h). This is probably due to 
the {(PPh3)zRh}+ fragment forming a catalytically inac­
tive (at room temperature and pressure) ?76-arene com­
plex with the stilbene precursor. In agreement with this 
observation, the toluene complex [(PPh3)2Rh(^6-C6Hs- 
Me)][c7oso-CBnH6Br6] is a significantly poorer catalyst 
than 4 for the hydrogenation of cyclohexene, with only 
10% conversion observed after 6 h under ambient 
conditions.
(63) B u tle r .  I. R.; C u lle n , W . R.; M a n n , B . E .; N u r s e .  C . R. J. 
Organomet. Chem. 1 9 8 5 ,  280, C 4 7 .
(64) M o r ra n , P . D .; D u c k e t t ,  S . B .; H o w e , P . R.; M c G r a d y , J . E.; 
C o le b r o o k e , S . A.; E is e n b e r g ,  R.; P a r tr id g e , M . G .; L o h m a n , J . A . B . J. 
Chem. Soc., Dalton Trans. 1 9 9 9 ,  3 9 4 9 .
(65) P a tm o r e , N . J .; H a g u e ,  C .; C o tg r e a v e , J .; M a h o n . M . F .; F r o s t,
C . G .; W e lle r , A, S . Chem. Eur. J. 2 0 0 2 ,  8, 2 0 8 8 .
(66 ) H o u , D . R.; R e ib e n s p ie s ,  J .; C o la c o t. T.; B u r g e s s .  K . Chem. Eur.
J. 2 0 0 1 ,  7, 5 3 9 1 .
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C on clu sion
W e ha v e  d em o n stra ted  th a t ch a n g in g  th e  counter ion  
w ith in  th e  dom ain  o f c/oso-m onocarboranes can have  a  
s ig n ifica n t effect on th e  effic iency  o f h yd rogenation  by  
cation ic  rhodium  ph osp h in e  ca ta ly sts , to th e  ex ten t th a t  
[(PPh 3 )2 R h(nbd)][c/oso-C BnH 6 B r6] w ill hydrogenate h in ­
dered a lkenes, in reasonable y ield , su ch  as 2 ,3-d im ethyl-
2 -b u ten e , w h ile  [(P P h 3 ) 2 R h (nb d)][c/oso -C B nH i2] is e s ­
s e n t ia l ly  ineffectu a l, stru g g lin g  to h yd rogenate th e  le s s  
h in d ered  m eth y lcycloh exen e. W hile  th is  is  not n e c es­
sa r ily  com p lete ly  su rp risin g , g iv en  th e  re la tiv e  coordi­
n a tin g  p roperties o f  th e se  tw o carborane an io n s, it  is  
sa tis fy in g  to se e  th a t  th e  sy s tem  can  be en h an ced  to  
s ig n ifica n t effect by sim p ly  ch a n g in g  th e  carborane  
counterion . W hat is  in te re stin g  is th a t  [BF 4 ]-  sa lts  are  
s ig n ifican tly  poorer th a n  [c/oso-CBuH eBre]-  sa lts  for th e  
hyd rogenation  o f a lk en es, esp ecia lly  w h en  one considers  
th a t  both  an ion s do not in tera ct s ig n ifica n tly  w ith  th e  
m eta l cen ter  on in it ia l hyd rogenation  o f th e  norborna- 
d ien e  precursor. T h is  perh ap s im p lica tes  one o f th e  
fo llow ing: (i) p u ta tiv e  in term ed ia te^ ) in th e  ca ta ly tic  
cycle  in vo lve  coord ination  o f th e  counterion  (w hich h a s  
p reced en t w ith  o th er  a n io n s1316), (ii) th e  [BF 4 ]— an ion  
is  som eh ow  degraded  in  th e  ca ta ly tic  cycle to form  
inactive  m etal fluorides or oxyborates, possib ly activated  
tow ard  th is  by coord in ation  w ith  th e  m eta l cen ter , or 
(iii) a  d ifferent m ech an ism  operates w ith  each  o f th e  tw o  
a n ion s.
O verall th is  su g g e s ts  th a t in S ch ro ck -O sb o rn  hydro­
g e n a tio n  sy stem s, a s  found w ith  o th er  sy s te m s w h ere  
th e  cation /an ion  in tera ctio n  is im p ortan t su ch  a s  m et- 
a llo cen e  olefin  p o ly m eriza tion  c a ta ly s ts , 12 th e  m atch  
b etw een  an ion  and  cation  is  a fin e ly  ba lan ced  one. T he  
n a tu re  o f th e  in tera ctio n  b etw een  cation  and a n ion  is  
th erefore o f s ig n ifica n t in te re st  w ith  regard to se lec tin g  
th e  b e st  com bination  and , th u s, op tim al perform ance. 
W ith regard to th is  w e are currently  considering th e  role 
o f th e  carborane coun ter ion  in  th e  ca ta ly tic  cycle  and  
a n tic ip a te  rep orting  on th is  a t  a fu tu re  date.
E xp erim en ta l S ection
All manipulations were carried out under an atmosphere 
of argon using standard Schlenk line techniques. Solvents were 
dried according to standard procedures and distilled under 
nitrogen. NMR solvents were dried over CaH2 for at least 24 
h, vacuum distilled, and freeze-pum p-thaw ed prior to use. 
Cyclohexene, 1-methylcyclohexene, and 2,3-dimethyl-2-butene 
were passed through a column of activated alumina and 
freeze—pum p-thaw ed prior to use. Gas chromatography was 
performed on a Perkin-Elmer Autosystem XL. NMR spectra 
were recorded on either a Bruker 300 MHz or a Varian 400 
MHz spectrometer. 'H NMR spectra were referenced using 
residual protio solvents, and 31P NMR and UB NMR spectra 
were referenced to an external H 3PO4 or BF3 *OEt2 reference, 
respectively. All NMR spectra were recorded at room temper­
ature. Coupling constants are quoted in Hz. [(PPh3)2RhCl] 2 , 47 
[(PPh3)2Rh(nbd)][BF4 ] , 49 Ag[c7aso-CBnH 12] , 67 and Ag[c7oso- 
CBi iHeBrr, ] 68 were prepared by the reported literature routes. 
[(py)(PCy3)Ir(cod)][PFe] was purchased from Aldrich and used 
as received.
[(P h3P )2R h(c7o50-C B„H 12)] (1 ). [(Ph3P)2RhCl] 2 (0.212 g,
15.8 mmol) and Ag[c7oso-CBnH12] (79 mg, 31.7 mmol) were
(67) S h e lly , K.; F in s te r ,  D . C.; L e e , Y . J .; S c h e id t .  W . R.; R e e d , C. A . 
J. Am. Chem. Soc. 1 9 8 5 ,  107, 5 9 5 5 .
(68) L is to n , D . J.; L ee , Y. J.; S c h e id t.  W . R.; R eed . C. A . J. Am. Chem. 
Soc. 1 9 8 9 , 111, 6 6 4 3 .
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dissolved in 5 mL of CH2C12, and the mixture was stirred for 
3 h. The solution was filtered, and the CH2C12 solution was 
layered with hexane to afford 1 as red crystalline blocks (0.114 
g, 47% yield). Anal. Calcd for for C37H 42B uP 2Rh: C, 57.68; H, 
5.49. Found: C. 57.3; H, 5.25. >H NMR (CDCI3): <3 -1 .9 7  (br 
q, J(BH) =  119, 1H, BH), - 0 .6 - 0 .8  (broad q, J(BH) =  80.0, 
5H, BH), 1 . 1 -2 .4  (br q, 5H BH), d 2.6 (s, 1H C //cage), 7 .1 -7 .6  
(m, 30H, C6H6). 'H {llB} NMR (CDC13): <5 -1 .9 7  (s, 1H, 
BHantipodai), 0.1 (s. 5H, BH), <5 1.7 (s, 5H, BH), <3 2.6 (s. CH^e). 
6 7 .1 -7 .6  (m, 30H, C6H6). 3 ,P{'H } NMR: 6 49.0 (d, J(RhP) = 
194 Hz). 1!B {!H} NMR: <5 -9 .9  (IB), -1 3 .5  (5B). -1 4 .1  (5B).
[(Ph3P )(PPh 2-j/6-C6H5)R h]2 [c7 oso-CB11H6Br6] 2 (2). [(Ph3P)r 
Rh(C7H8)][c7oso-CBiiHi2] (4; 25 mg, 0.0187 mmol) in 10 mL of 
CH2C12 was placed in a 1 0 0  mL Schlenk tube fitted with a 
new rubber septum. Via a needle, H 2 w as bubbled through the 
solution for 10 min. The solution changed color from a golden 
orange to a claret red. The solvent w as removed in vacuo. 
Crystals suitable for a single-crystal X-ray analysis were grown 
by slow diffusion of hexane into a CH2C12 solution of 2. Yield: 
0.021 g (90%). Anal. Calcd for C7 4H 7 2B2 2B r,2P4Rh2-l ,4CH2C12: 
C. 33.8: H, 2.9. Found: C, 34.1; H, 2.98. ‘H {“ B} NMR (CD2- 
Clz): <5 2.32 (s, 5H, BH), <3 2.54 (s, 1 H. CHcage), 5.32 (t. J(HH) 
=  6 .6 , 1H, CeM). 6.58 (t, J(HH) =  6 .6 , 2H. CeTYs), 6.97 (t, J(HH) 
=  6 .6 , 2H, CeHs). 7 .0 -7 .2 5  (m. 20H, CcH5), 7.30 (t. J(HH) =  
5.7, 4H, C6H5), 7.43 (t, J(HH) =  7.5, 4H. C6/ / 5). lH NMR (CD2- 
Cl2): <5 2.5—2.0 (br q, 5H, BH), 2.54 (s. 1H, C H ^ ) , 5.32 (t, 
J(HH) =  6 .6 , 1H, C6/ / 5), 6.58 (t, J(HH) =  6 .6 , 2H, C6H5), 6.97 
(t, J(HH) =  6 .6 , 2H, C6H5), 7 .0 -7 .2 5  (m, 20H. CcHs), 7.30 (t, 
J(HH) =  5.7, 4H, C6Hs), 7.43 (t. J(HH) =  7.5, 4H. C6H5). 
31P {‘H ) (CD2C12): AA'BB'XX' system , <3 47.5 (complex mul­
tiple!, J(RhP) =  216.6, J(RhP) =  -0 .2 ,  J(PP) =  8 .6 ), 44.6 
(complex multiplet, J(RhP) =  -1 .0 ,  J(RhT) =  -1 9 9 .3 , 7(PP) 
=  37.8, J(PP) =  1.32).
[(P h 3P )2R h(C 7H8 ) ] [c /o 5 o-C B „H 12] (3). (Ph3P)3RhCl (100 
mg, 0.11 mmol), 2,5-norbornadiene (13/iL, 14 mmol), and [Cs]- 
[c/osoCBuH i2] (30 mg, 0.11 mmol) were stirred in a 1:3 
mixture of acetone and CH2C12 for 2 h. The resulting orange 
solution was filtered and concentrated in vacuo. The compound 
was crystallized by addition of ethanol. The solid was collected 
and washed with three portions of ethyl alcohol and dried in 
vacuo. Yield: 0.107 g (57%). Anal. Calcd for C44H5oB,,P2Rh:
C. 61.26; H, 5.84. Found: C, 61.5; H, 5.85. 'H NMR (CD2C12): 
<5 7 .4 -7 .0  (m. 30H, C6/ / 6). 4.5 (s. 4H, C7/Y8), 4.0 (s, 2H, C7/ / 8), 
2 .7 -1 .0  (br q, 11H, BH), 2.35 (s br, 1H. CHcage). 1.5 (s, 2H, 
C7Hs). 31P{'H } NMR (CDzClz): <3 30.5 (d, J(RhP) =  154.5). 
UB {‘H} NMR (CD2C12): <5 -4 .0  (s. IB), -1 0 .3  (s, 5B), -1 3 .1  (s. 
5B).
[(Ph3P)2Rh(C7H8)][c7oso-CB„H 6Br6] (4). (Ph3P)3RhCl (100 
mg, 0.11 mmol), 2,5-norbornadiene (13,uL, 14 mmol), and [Cs]- 
[c7osoCBnH6Br6] (81 mg, 0.11 mmol) were stirred in a 1:3 
mixture of acetone and CH2C12 for 2 h. The compound was 
isolated in the same manner as described for compound 3. 
Yield: 0.162 g (60%). Anal. Calcd for C4 6H 45B nBr6P2Rh: C, 
40.59; H. 3.33. Found: C. 40.4; H, 3.38. >H{UB} NMR 
(CDC13): <3 7.4—7.0 (m. 30H, C6/ / 6), 4.5 (s, 4H. C7H8). 4.0 (s. 
2H, C7Hs), 2.5 (s, 1H. CHcage). 2.25 (s, 5H, BH), 1.5 (s, 2H. 
C7H8). uB {‘H} NMR (CDCI3): <3 1.7 (s, IB), - 6 . 6  (s. 5B), -17 .1  
(s. 5B). 31P {‘H} NMR (CDCI3): <3 30.6 (J(RhP) =  155).
[(Ph 3P )2HRhCu-H)b/-Cl)2R hH (P P h 3) 2][c7oso-CBn H I2] (5). 
[(Ph3P)2Rh(nbd))[c7oso-CBuHi2] (25 mg, 0.03 mmol) in 10 mL 
of CH2C12 in a 100 mL Schlenk tube fitted with a rubber 
septum was pressurized with 20 psi of H 2 for 3 days. The 
solvent was concentrated in vacuo, and hexane ( 1  equal 
volume) was added via cannula. After refrigeration for 4 - 5  
days the compound precipitated as yellow crystalline filaments 
suitable for a single-crystal X-ray analysis. This crystalline 
material contained ca. 5% of an unidentified product, which, 
in our hands, could not be removed by repeated recrystalliza­
tion. Hence, accurate m ass spectrometry on a bulk sample was 
used as an alternative to microanalysis. 'H {llB} NMR 
(CDCI3): <5 7.3 (m, 60H, C6H6), 2.54 (s. 1 H, CHcage), 2.32 (s,
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5H, BH), -1 1 .0  (complex multiplet, 1H, part of a AA^BTvlXX' 
system, Rh^-W), J(RhH) =  10. J(PH) =  21. 75). -1 6 .5  (virtual 
quartet. 2H. J(RhP) =  15. J{PP) =  15, 15). 31P{'H} NMR 
(CDCI3): <5 51.5 (complex m. AA'BB'XX' system ), 36.0 (complex 
m, AA'BB'XX' system). Accurate mass spectrometry (ES+): 
ceiled 1327.1367, found 1327.1353. Identical NMR spectra in 
the phosphine and hydride regions are obtained using [CB11H6 - 
Bre] as the counterion (i.e., starting from complex 4).
G en eral P ro ced u re  for C ata lysis. In a Schlenk tube 
fitted with a new septum, the appropriate amount of catalyst 
was dissolved in CH2CI2 (5 cm3) to give a catalyst-to-substrate 
ratio of 1:100. The appropriate amount of alkene was added, 
and H2 was bubbled (pressure 10 psi), via a needle, through 
the solution using an outlet needle for 10 min. The H 2 and 
outlet needles were then removed, and the reaction mixture 
was stirred for the appropriate amount of time, as indicated 
in Table 3. At this time a sample was prepared for gas 
chromatography by passing a portion (ca. 1 cm3) of the solution 
through a short silica plug, washing the silica with CH2CI2 
(ca. 1 cm3), and combining these two fractions.
X-ray C rysta llograp h y . The crystal structure data for 
compounds 1,2,  and 5 were collected on a Nonius KappaCCD, 
with pertinent details given in Table 1. Structure solution 
followed by full-matrix least-squares refinement was per­
formed using the SHELX suite of programs throughout. 6 9 7 0  
Plots were produced using ORTEX . 56
C om p oun d  2. Despite copious recrystallization efforts it 
did not prove possible to grow crystals of complex 2  with 
substantial dimensions for an X-ray structure determination. 
Thus, the crystal selected, while being the largest available 
from several batches, was extremely thin and of mediocre 
quality (mosaicity 1.56°). The sm allest crystal dimension of 
0.03 mm is reflected in the substantially larger than desirable 
/?(int) and R{o) values (coupled with a not entirely satisfactory 
weighting scheme) than we normally obtain for data from our 
diffractometers. The electron density map of the asymmetric 
unit (half of a dimer molecule, proximate to a crystallographic 
inversion center) in this structure was also seen to contain 
two areas pertaining to solvent. The first of these was modeled 
as one whole molecule of dichloromethane with the two 
chlorines therein refined over four positions, each at half­
occupancy. The second solvent area was more diffuse, and 
several models were tried. The best convergence was achieved
(69) S h e ld r ic k , G. M . S H E L X -9 7 : A C o m p u te r  P r o g r a m  for R e f in e ­
m e n t  o f  C r y s ta l  S tr u c tu r e s ;  U n iv e r s i t y  o f  G o tt in g e n , G o tt in g e n ,  
G e r m a n y .
(70) A  C H 2CI2 s o lu t io n  [ (P P h a h R h fa b d W B F d  w a s  tr e a te d  w i t h  H 2 
for 10 m in , th e  v o la t i le s  w e r e  r e m o v e d  in  v a c u o , a n d  th e  r e s id u e  w a s  
ta k e n  u p  in  C D 2C l2. *H N M R  a n d  3IP { 'H }  N M R  sp e c tr o sc o p y  in d ic a te d  
t h e  fo r m a tio n  o f  a n  a r e n e -b r ig e d  d im e r  c o m p le x , s im ila r  to 2 .
by refining this area as 0.39 of a dichloromethane molecule 
with the two associated chlorines equally disordered over three 
sites. Hydrogen atoms were omitted from the refinement in 
the solvent areas due to the disorder. One of the phenyl rings 
in the rhodium dimer also exhibited disorder, which was 
successfully modeled at 65:35 occupancy for C(32)-C(37) and 
C (32)'-C (37)\ respectively. Trial runs of applying an absorp­
tion correction to the data for this structure afforded no 
improvement in convergence, and hence, this correction type 
was omitted.
C om pound 5. As w ith 2, numerous efforts at recrystalli­
zation proved unsuccessful in growing crystals with substan­
tial dimensions for an X-ray structure determination for 
complex 5. The crystal selected, while being the best available, 
was extremely thin and of very poor quality. As with 2, the 
sm allest crystal dimension (0.05 mm) is reflected in the larger 
than desirable R(int) and R{o) values and poorer R  factors than 
we would normally obtain from our diffractometers. Neverthe­
less, the structure converged well and, surprisingly, the 
reliable location of the hydrogens attached to the rhodium  
centers was possible. These particular hydrogens were posi­
tionally refined subject to constraints in the final least-squares 
analysis. The asymmetric unit in this structure was also seen 
to contain one molecule of dichloromethane, disordered over 
2 sites in a 50:50 ratio. Trial runs of applying an absorption 
correction to the data for this structure afforded no improve­
ment in convergence and, hence, were abandoned in the final 
least-squares cycles.
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Solution and Solid-State Structure of the Anion [A gzlc/oso-CB nH ^jJ2-
Mark A. Fox,* Mary F. Mahon,* * Nathan J. Patmore,* and Andrew S. Weller* *
Department of Chemistry, University o f Bath, Bath BA2 7AY, U.K., and Department o f Chemistry, 
University Science Laboratories, South Road, Durham DHl 3LE, U.K.
R eceiv ed  May 20 , 20 0 2
Addition of the carbene 1,3-dimesitylimidazol-2-ylidene (IMes) to a toluene solution of Agtc/oso-CBnHiJ results in 
the formation of the complex [(IMes)2Ag]2[Ag2{c/oso-CBnHi2}4], the anionic component of which contains two 
silver(l) centers bridged by two carboranes in addition to one terminally bound carborane on each metal, in the 
solid-state. Comparison of the observed "B ^ H } NMR chemical shifts of [(IMes)2Ag]2[Ag2 {c/oso-CB11Hi2 } 4 ] or 
Ag[c/oso-CBnHi2] with [NBu^c/oso-CBuHiJ in CD2CI2 demonstrates that the silver ion interacts significantly 
with the cage in solution. Theoretical investigations using the ab initio/GIAO/NMR method of [closo-CBnH12]-  and 
Na[c/oso-CBnH12] as model geometries for the silver salts support experimental evidence for these Ag-**{BH} 
interactions in solution.
Introduction
Structurally characterized examples of the simple silver-
(I)-salts of the carborane mono anion [c/o5o-CBnHi2]_ and 
its derivatives are well documented, as these complexes 
frequently provide crystalline materials suitable for X-ray 
diffraction studies of this important class of least coordinating 
anion.1 In the solid-state, there are three general structural 
types observed: (i) coordination polymers, often with the 
carborane being complemented by a bound arene molecule 
at the silver center;2-6 (ii) discrete molecules in which both 
arene and carborane interactions occur;4,7 (iii) discrete 
molecules in which only silver and carborane interactions
* T o  w h o m  co rresp o n d en ce  shou ld  b e addressed . E -m ail: a .s .w e lle r @  
b ath .ac.uk  (A .S .W .). Fax: + 4 4  (0 )1 2 2 5  3 86231  (A .S .W .).
1 U n iv ersity  S c ien ce  Laboratories.
* U n iv ersity  o f  Bath.
(1 )  R eed , C . A . Acc. Chem. Res. 19 9 8 , 31, 133.
(2 )  S h e lly , K .; F inster, D . C .; L ee , Y . J.; S ch eid t, W . R.; R eed , C. A . J. 
Am. Chem. Soc. 1 9 8 5 , 107, 59 5 5 .
(3 )  T sa n g , C. W .; Y an g , Q . C .; S z e , E. T . P.; M ak, T . C. W .; C h an. D . T . 
W .; X ie , Z. W . Inorg. Chem. 2 0 0 0 , 39, 3 5 8 2 . X ie , Z .; T sa n g , C .-W .;  
S z e , E. T .-P .; Y an g, Q .; C h an, D . T. W .; M ak, T . C. W . Inorg. Chem. 
1 9 9 8 , 37, 6 4 4 4 . X ie , Z. W .; W u, B. M .; M ak, T. C. W .; M an n in g , J.; 
R eed , C. A . J. Chem. Soc., Dalton Trans. 19 9 7 , 12 1 3 . J e lin ek , T.; 
B ald w in , P.; S ch eid t, W . R.; R eed , C . A . Inorg. Chem. 19 9 3 , 32, 1982.
(4 )  T sa n g , C .-W .; Y an g, Q .; S z e , E. T .-P .; M ak, T . C. W .; C han, D . T. 
W .; X ie , Z. Inorg. Chem. 2 0 0 0 , 39, 5 8 5 1 .
(5 )  Patm ore, N . J.; M ahon, M . F.; S teed , J. W .; W eller , A . S . J. Chem. 
Soc., Dalton Trans. 2 0 0 1 , 2 7 7 .
(6 ) X ie , Z . W .; Je lin ek , T .; B au , R.; R eed , C. A . J. Am. Chem. Soc. 1 9 9 4 , 
116, 1907.
(7 )  Ivan ov , S . V .; R ock w ell, J. J.; M iller, S. M .; A nderson, O . P.; So ln tsev ,
K. A .; Strauss, S. H. Inorg. Chem. 1 9 9 6 , 35, 7 8 8 2 . Iv a n o v , S . V .;
L u pinetti, A . J.; M iller , S . M .; A n derson , O . P.; S o ln tse v , K . A.;
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are present, although only two examples have been reported, 
namely [Fe(tpp)][Ag(c/ojo-CBnH6Br6)2]8 [tpp =  tetraphen- 
ylporphyrinatoiron(III)] and the recently reported tetrameric 
complex [ReAg{^-5,6,10-(H)3-775-7,8-C2B9H8}(CO)3]4.9 Al­
though many of these structures show close Ag***{HB} 
interactions in the solid-state, these interactions are rarely 
observed in solution.5,6,10 This is no doubt a result of the 
fact that the NMR spectra of these complexes are routinely 
recorded in coordinating solvents, such as acetone, that 
encourage well separated ion-pairs.
We have recently reported the coordination chemistry of 
silver phosphine fragments partnered with [c/oso-CBnHn]- 
and its derivatives, such as (PPh3)Ag(c/oso-CBiiHi2), and 
have shown that these complexes are highly active catalysts 
for hetero Diels—Alder reactions.10,11 As part of this ongoing 
research, we were interested in substituting the phosphine 
ligand by a alternative, neutral, 2-electron donor. ^/-Hetero­
cyclic carbenes such as l,3-dimesitylimidazol-2-ylidene 
(IMes) have been successfully used to substitute phosphine 
ligands in a number of catalytically relevant systems, perhaps 
the best example being their use in Grubbs’-type catalysts 
to afford significantly more active complexes.12 We describe 
here that attempts to substitute PPh3 by IMes did not afford
( 8 ) X ie , Z .; Bau , R.; R eed , C. A . Angew. Chem.. Int. Ed. Engl. 19 9 4 , 33, 
2 4 3 3 .
(9 )  E llis , D . D .; Jeffery , J. C.; J e lliss , P. A .; K autz, J. A .; S to n e , F. G . A . 
Inorg. Chem. 2 0 0 1 , 40, 2 0 4 1 .
(1 0 )  Patm ore, N . J.; H agu e, C.; C o tg rea v e , J. H .; M ah on , M . F.; Frost, C.
G.; W eller , A . S . Chem.-Eur. J. 2 0 0 2 , 8, 2 0 8 8 .
(1 1 )  H agu e, C.; Patm ore, N . J.; F rost, C . G .; M ah on , M . F.; W eller , A . S. 
Chem. Commun. 2 0 0 1 , 2 2 8 6 .
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the initially anticipated complex, (IMes)Ag(c/oso-CBnHi2), 
but instead, the bis-carbene cation [(IMes)2Ag]+ results with 
the concomitant formation of the novel silver—carborane 
dianion [Ag2{c7os0-CBiiHj2}4]2-: a novel coordination motif 
for the discrete silver salts of the carborane anions. Aided 
by ab initio/GIAO/NMR calculations, we also report on the 
solution-state structures of the simple salts of [closo- 
CBi iHi2]“ and show that in a noncoordinating solvent 
(CH2CI2) there are significant interactions between metal ion 
and carborane anion, analogous to those observed in the 
solid-state.
Results and Discussion
Addition of a toluene solution of the free carbene IMes 
(IMes =  l,3-dimesitylimidazol-2-ylidene) to a stirred solution 
of Ag[c/oso-CB||H|2] results in a colorless solution that 
affords colorless crystals of a compound of empirical formula 
[Ag(IMes)2][Ag{c/aso-CBnHi2}2] (1) on cooling. Compound 
1 has been characterized by elemental analyses, single-crystal 
X-ray diffraction (Table 1), and multinuclear NMR spec­
troscopy.
r=\
X-ray Crystallography. The asymmetric unit in 1 consists 
of one cationic [(IMes)2Ag]+ moiety and one anionic 
fragment based on a silver atom and two [c/oso-CBnH^]- 
cages. The silver-carbene fragment (Figure 1) is composi- 
tionally identical to that previously reported for [(lMes)2Ag]- 
[O 3 SCF3 ] (A).13 The metal—Carbene) distances of the cat­
ionic fragment in 1 are indistinguishable [Ag(l)—C(22) 
2.069(6) A, Ag(l)-C(1A) 2.070(5) A] and are also iden­
tical to those found in A [2.067(4) and 2.078(4) A]. The 
C(22)—Ag(l)-C(1A) angle at the metal center is nonlinear 
[C(22)—Ag(l)—C(1 A) 174.3(2)°], similar to that found in 
A [176.3(2)°]. The only significant structural difference 
between the cation in 1 and A is the angle between the least- 
squares planes of the five-membered imidazole rings, which 
is 59.1° in 1 and 39.7° in A. This is no doubt due to 
differences in the crystal packing imposed by the anions in 
the two complexes.
(1 2 )  H uang, J. K .; S tev en s, E. D .; N o la n , S. P.; Petersen, J. L.J. Am. Chem. 
Soc. 1 9 9 9 , 121, 2 6 7 4 . W esk a m p , T.; Schattenm ann, W . C .; S p ieg ler , 
M .; H errm ann, W . A. Angew. Chem.. Int. Ed. 1 9 9 8 , 37, 2 4 9 0 . S ch o ll, 
M .; T m k a, T. M .; M organ , J. P.; G rubbs, R. H . Tetrahedron Lett. 
19 9 9 , 40, 2 2 4 7 .
(1 3 )  A rdu en go , A . J., I ll; D ia s , H . V . R.; C alab rese, J. C.; D a v id so n , F. 
Organometallics 1993, 12, 3 4 0 5 .
Figure 1. C a tio n ic  co m p o n en t o f  th e  asym m etric  unit in c o m p le x  1. 
T h erm al e llip so id s  are g iv en  at th e  30%  p rob ab ility  lev e l.
Table 1. Crystal D ata and Structure R efin em en t for 1, 
[(IM es)2A g ][A g {C /o s o -C B , ,H 12} 2]
em p irical form ula
fw
T
w a v e len g th  
cryst sy st  
sp ace group  




abs c o e f f  
F(000) 
cryst s iz e
0 range for data co lle c tio n  
reflns co llec ted  
indep end ent reflns  
reflns ob sd  ( > 2a )  
data co m p le ten ess  
a bs correction  
m ax and m in  tran sm ission  
refin em en t m ethod  
data/restraints/param s 
G O F  o n  F 2
f in a l R in d ices  [ /  >  2 o ( /) ]  
R in d ices  (a ll data) 
largest d i f f  peak  and h o le
CzjHjsAgBnNz
5 5 5 .31  
1 5 0 (2 )  K  
0 .7 1 0 7 3  A 
m o n o c lin ic  
P2\/n
a =  1 5 .4 5 7 0 (2 )  A 
b =  2 0 .1 1 5 0 (3 )  A; /? =  1 0 8 .5 5 8 (1 )°  
c =  1 9 .2 1 3 0 (3 )  A 
5 6 6 3 .0 4 (1 4 )  A3 
8
1 .303  M g /m 3 
0 .7 2 7  m m - '
2 2 7 2
0 .1 3  x  0 .1 3  x  0 .1 5  m m 3 
3 .6 6  to  2 4 .7 1 °
8 5 8 4 7
9621  [F (in t)  =  0 .1 4 6 9 ]
5 9 6 9
0 .9 9 6
sem iem p ir ica l from  eq u iv a len ts  
0 .9 7  and 0 .8 7
fu ll-m atr ix  least-sq u ares o n  F2
9 6 2 1 /0 /7 4 9
1 .043
R1 =  0 .0 5 4 3 ;  w R 2  =  0 .1 1 6 0  
R1 = 0 .1 0 5 5 ;  w R 2  =  0 .1 4 1 9  
0 .4 8 9  and - 0 .6 2 3  eA" 3
The anionic fragment containing the second silver atom 
and carborane anions is proximate to a crystallographic 
inversion center in the asymmetric unit, which generates a 
[c/050-CB„HI2]- bridged dimer where the symmetry related 
silver atoms are also terminally coordinated to the second 
cage (Figure 2). The bridging carborane anions are disordered 
in a 1:1 ratio between positions B(21) to B(32) and B(41) 
to B(52), respectively. This disorder can be readily resolved 
into the dimeric motif that contains two different orientations 
of the bridging carborane cages. The two disorder compo­
nents are chemically and structurally identical. The presence 
of this disorder precluded accurate assignment of the cage 
carbon in the bridging carborane, and hence all atoms therein 
were refined as boron atoms. However, assignment of the 
cage carbon in the terminally bound cage [C(l)—B(12)] was 
unambiguous. The resulting Ag2[c/o.y0-CB||Hi2]4 anion has 
an overall dinegative charge and is thus associated with two 
[(lMes)2Ag]+ cations (see Supporting Information). The 
coordination geometry around each silver atom is ap-
C(24p
C(1A)
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'B<47>







Figure 2. A n io n ic  portion  o f  c o m p lex  1 sh o w in g  o n e  o f  the d isord ered  com p on en ts. A to m s w ith  prim ed lab els are related  to th o se  in th e asym m etric  unit 




Table 2. B on d  L en gth s (A) and A n g le s  (d eg ) A sso c ia ted  w ith  A g ( l ) ,  
A g (2 )  and A g (2 ) ' in C o m p lex  1 fo r  O n e o f  the D isordered  C om ponen ts  
in th e L attice
A g ( l ) - C ( 2 2 ) 2 .0 6 9 (6 ) A g ( l ) - C ( 1 A ) 2 .0 7 0 (5 )
C (2 2 )—A g l —C (1 A ) 1 7 4 .3 (2 )
A g ( 2 ) - H ( 7 ) 2 .0 5 A g ( 2 ) - B ( 7 ) 2 .5 8 6 (8 )
A g ( 2 ) - H ( 1 2 ) 2 .2 3 A g ( 2 ) - B ( 1 2 ) 2 .6 7 3 (8 )
A g ( 2 ) - H ( 2 7 ) 2 .0 9 A g ( 2 ) - B ( 2 7 ) 2 .7 3 (2 )
A g ( 2 ) - H ( 2 8 ) 2 .4 5 A g ( 2 ) - B ( 2 8 ) 2 .9 2 (2 )
A g ( 2 ) - H ( 4 8 ) 2 .3 5 A g ( 2 ) - B ( 4 8 ) 2 .8 4 (2 )
A g ( 2 ) - H ( 5 2 ) 2 .1 9 A g ( 2 ) - B ( 5 2 ) 2 .7 9 (2 )
A g (2 ) '—H (31) 2 .5 2 A g ( 2 ) - B ( 3 1 ) ' 2 .9 4 (2 )
A g ( 2 ) ' - H ( 3 2 ) 1 .96 A g ( 2 ) - B ( 3 2 ) ' 2 .6 7 (2 )
A g (2 ) '—H (4 7 ) 2 .0 5 A g ( 2 ) ' - B ( 4 7 )
A g ( 2 ) ' - B ( 5 1 )
2.70(2)
A g ( 2 ) ' - H ( 5 1 ) 2 .4 0 2 .8 8 (2 )
proximately trigonal prismatic, with each metal center 
surrounded by four shorter and two longer {BH} interactions. 
Salient metrical data for Ag(2) and Ag(2)' are given in Table 
2. The shorter Ag***{HB} interactions vary in dis­
tance ranging from 1.96 to 2.23 A (Ag-H) and 2.586(7) to 
2.79(2) A (Ag—B). The longer interactions are in the range 
2.84(2)—2.94(2) A (Ag—B). These Ag—B distances can be 
compared with those found in the silver(I)—phosphine 
complexes (PPh3)Ag(c/o50-CBnH12) [2.504(3)—2.619(3) A] 
and (PPh3)2Ag(c/cwo-CBi,H,2) [2.892(2)-3.494(2) A], where 
significant Ag—B interactions are suggested to exist in 
solution in the former but not the latter complex, on the basis 
of observed "B chemical shifts.10 The shorter Ag***(HB} 
distances are also comparable with those found in the ben­
zene solvate of Ag[c/o5o-CBnHi2] [2.581(6) and 2.681(5) 
A]2 but are shorter than those found in the tetrameric com­
plex [ReAg{^-5,6,10-(H)3-t75-7,8-C2B9H8}(CO)3]4 [2.978(7), 
2.905(6) A] in which the Ag-{HB} interactions are sug­
gested to lie between regular covalent agostic and longer 
range electrostatic.9 Overall, these comparisons suggest that 
the Ag**’{HB} interactions in 1 are significant, with this 
interpretation strengthened by the solution nB NMR data 
and ab initio/GlAO/NMR calculations.
B(12) B (7M 11) B(2M 6)
■ A g(ctoso-C B11H(2l. Dg-acetone
[NBu^lctosoCBnH^l




Figure 3 . D iagram m atic  stick  diagram  o f  n B  ch em ica l sh ifts  ob served  
fo r  1, [N B u 4][c /< m o -C B h H |2], and  A g [c /o jo -C B n H i2], a ll m easured  as 
C D 2C12 so lu tio n s, and  A g fc /c w o -C B n H u ]  m easured  in ^ -a c e to n e .
"B NMR Spectroscopy. Although NMR spectroscopy 
alone does not allow us to determine whether the {Ag2(c/<m>- 
CBnHi2)4} motif remains wholly intact in solution, the 
presence of significant Ag***{HB} interactions is indicated 
by the solution "BCH} NMR spectrum of 1 in CD2C12. This 
shows resonances due to one {c /oso-C B ]|H i2} cage species 
with C5v symmetry that displays a marked upfield shift for 
the cage boron atoms B(7)—B(11) and B(12) when compared 
with that found for [c/aso-CBnH|2]-  partnered with the non- 
Lewis-acidic counterion [NBu4]+ (Figure 3). Thus, in the 
"B{‘H} NMR spectrum of 1, signals are observed at (3—12.4 
(IB) and -15.7 (5B + 5B coincidence), compared with <3 
-8.0 (IB), -14.1 (5B), -16.9 (5B) found for [NBu4][c/o5o- 
CB1 iHj2]. Values found for Ag[c/o50-CBnH|2] and 1 in 
acetone, a solvent in which any ion-pairs would be expected 
to be well separated, are similar to those found for [Cs]+ or
-10  -15
5<11B) ppm
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[NBm][closo-CB 11H12],14'15 cations with which the carborane 
periphery is not expected to interact significantly in solution.
The nB{'H} NMR spectrum of Ag[c/oso-CBnH|2] in 
CD2CI2 (in which it is poorly soluble and hence not usually 
used as a solvent) is very similar to that of 1, with signals 
observed at 6 —11.9 (IB) and -15.0 (5 +  5 coincidence) 
(Figure 3). Although in 1 the ratio Ag/[c/o50-CBnH|2] is 
1:2, while for Ag[c/oso-CBnHi2] it is 1:1, this similarity 
suggests that comparable Ag"-{HB) interactions are present 
in solution in these two species, and perhaps that Ag[closo- 
CBnHi2] exists in CD2C12 solution as weakly associated 
oligomeric units, similar to 1. The very low solubility of 
Ag[c/o5o-CBnHi2] in CD2CI2 is perhaps indicative of this 
extended structure. Reed and co-workers have observed 
similar chemical shift changes for Agfc/oso-CB^io] when 
measured in toluene and acetone or acetonitrile.6 Similar 
interactions (and relative "B NMR chemical shift differ­
ences) have been previously proposed by us as being present 
in solution for the silver-salt metathesis intermediate complex 
[CpMo(CO)3I-Ag{c/<w0-CBi,Hi2}]2 (Cp =  75-C5H5).5 We 
have also previously shown that significant upfield shifts 
occur in the "B NMR spectra of [c/ojo-CB||H|2]_ when 
coordinated to [(775-C5R5)Mo(CO)3]+ (R =  H, Me),5 [(cod)- 
Rh]+ (cod =  1,5-cyclooctadiene),16 and [Ag(PPh3)]+ 10 frag­
ments. The data in hand here suggest that the Ag cation in 
1 interacts significantly with the carborane periphery in 
CD2CI2 solution and, in particular, with the boron atoms 
B(12) and B(7)—B(ll). This is confirmed by the results of 
ab initio calculations on model complexes for 1, Ag[closo- 
CB11H12], and “free” [c/oso-CBnH^]- , which follow.
Calculations. In the past decade, the reliable “ab initio/ 
GIAO/NMR” method has been used to determine the 
molecular structures of carboranes in solution.17-20 However, 
there are only two reports of the method being used to 
determine the likely geometries of metal salts of carborane 
anions in solution.21 Given the marked differences observed 
between the nB NMR spectra of AgJc/aso-CBnHn] when 
measured in CD2CI2 versus acetone, we sought to use the 
ab initio/GIAO/NMR method to elucidate the structures of 
the species present in these two solvents, in addition to the 
structure of complex 1 in solution. However, the silver cation 
[Ag]+ is at present not computationally feasible at the MP2/ 
6-31G* level of theory required for the accurate determina­
tion of chemical shifts.18 Copper would be an obvious
(1 4 )  H erm anek, S . Chem. Rev. 1 9 9 2 , 92, 3 25 .
(1 5 )  D u ring th e co u rse  o f  th is w ork , w e  found that the " B  ch em ica l sh ift  
literature va lu es  for A g fr /o jo -C B n H u ]  in aceto n e  d iffered  from  th ose  
o n e  o f  us (A .S .W .)  had p rev io u sly  reported by  6 —3 .3 . E x a m in a tio n  
o f  authentic  carborane sa m p les  recorded at Bath and D u rh am  w ith  
literature v a lu es  co n firm ed  th is d iscrep an cy. A lth ou gh  in th is paper, 
and all su b seq u en t con trib u tions from  B ath , " B  ch em ica l sh ifts  are 
correctly  referen ced  to  B F .rO E t2, p rev iou s papers from  us do  n o t take  
th is into accou n t. H o w ev er , in all d iscu ss io n s , as it is th e re la tiv e  
p o sitio n s o f  the reso n a n ces w h ich  are im portant, th is sm all ch a n g e  in 
ch em ica l sh ift d o e s  n ot alter any c o n c lu sio n s  m ade on  the b a s is  o f  
11B  N M R  sp ec tro sco p y .
(1 6 )  W eller , A . S.; M ah on , M . F.; S teed , J. W . J. Organomet. Chem. 2 0 0 0 ,  
614-615, 113.
(1 7 )  B u h l, M .; G au ss, J.; H ofm ann , M .; S ch ley er , P. v. R. J. Am. Chem. 
Soc. 19 9 3 , 115, 1 2 3 8 5 . Sch leyer , P. v . R.; G au ss, J.; B u h l, M .; 
G reatrex, R.; F o x , M . A . Chem. Commun. 1 9 9 3 , 1766.
(1 8 )  B u h l, M .; S ch ley er , P . v . R . J. Am. Chem. Soc. 19 9 2 , 114, 4 7 7 .
replacement, but it is computationally inhibitive at the MP2/ 
6-31G* level for the compounds under discussion. We have 
thus chosen to replace [Ag]+ by [Na]+ in ab initio computa­
tions described here. Although [Na]+ and [Ag]+ are hard 
and soft Lewis acids, respectively, and thus may be expected 
to interact somewhat differently with the cage (electrostatic 
and covalent respectively), our approach is validated by that 
fact that they have similar ionic radii22 and that calculations 
(MP2 level optimized geometries) on the model complexes 
Na(BH4) and Ag(BH4) show that both complexes adopt very 
similar structures (tridentate, C3„).23 Moreover, the chemical 
shifts calculated for Na[c/o5o-CBiiH!2] (vide infra) are very 
close to those experimentally observed for Ag[closo- 
CB,,H,2], further supporting this approach.
Initially, we focused on modeling the structure of Ag- 
[c/oso-CBhHij] in a noncoordinating solvent, such as 
CD2CI2, where ,lB NMR spectroscopy shows that tight ion 
pairs are likely to be present. A geometry optimization of 
Na[c/<m>-CBnHi2] at the MP2/6-31G* level of theory gave 
the lowest energy minimum 1 with the sodium metal capping 
the triangular face defined by B(7), B(8), and B(12) (Figure 
4). This structure is similar to that which we have observed 
for (PPh3)Ag(c/o5o-CBnHi2)10 and also that calculated for 
protonated [c/oso-CBuH^]- ,24 in agreement with [Na]+ and
(1 9 )  B au sch , J. W .; M atoka, D . J.; C arroll, P. J.; S n ed d o n , L. G . J. Am. 
Chem. Soc. 1 9 9 6 , 118, 11423 . B a u sch , J. W .; R iz z o , R . C .; Sn edd on , 
L. G .; W ille , A . E.; W illia m s, R . E. Inorg. Chem. 1 9 9 6 , 35, 131. F ox ,  
M . A .; G reatrex, R.; H ofm ann, M .; S ch ley er , P. v . R. Angew. Chem., 
Int. Ed. Engl. 1 9 9 4 , 33, 2 2 9 8 . F o x , M . A .; G reatrex, R.; H ofm ann, 
M .; S ch ley er , P. V . R.; W illia m s, R. E. Angew. Chem., Int. Ed. Engl. 
1 9 9 7 , 36, 1498 . F o x , M . A .; G reatrex , R.; N ik rah i. A .; Brain, P. T.; 
P icton , M . J.; R ankin , D . W . H .; R ob ertson , H. E.; B u h l, M.; L i, L.; 
B eaud et, R . A . Inorg. Chem. 1 9 9 8 , 37, 2 1 6 6 . F o x , M . A .; G reatrex, 
R.; H ofm ann, M.; S ch ley er , P. v . R. J. Organomet. Chem. 2 0 0 0 , 614— 
615, 2 6 2 . F o x , M . A .; G oeta , A . E.; H ow ard , J. A . K.; H u g h es, A . K.; 
Joh n son , A . L.; K een , D . A .; W a d e, K.; W ilso n , C . C . Inorg. Chem. 
2 0 0 1 , 40, 173. G an gn us, B .; S to ck , H.; S ieb ert, W .; H ofm an n , M.; 
S ch leyer , P. v . R. Angew. Chem., Int. Ed. Engl. 1 9 9 4 , 33, 2 2 9 6 . H nyk,
D .; R ankin , D . W . H .; R ob ertson , H . E .; H ofm an n , M .; S ch ley er , P. 
V . R.; B u hl, M . Inorg. Chem. 1 9 9 4 , 33, 4 7 8 1 . H ofm an n , M .; F o x , M.
A .; G reatrex, R.; S ch ley er , P. v . R .; B a u sch , J. W .; W illia m s, R. E. 
Inorg. Chem. 1 9 9 6 , 35, 6 1 7 0 . H o fin a n n , M .; F o x , M . A .; G reatrex, 
R.; W illia m s, R. E.; S ch ley er , P. v . R. J. Organomet. Chem. 19 9 8 , 
550, 3 3 1 . T eb b en , A . J.; Ji, G .; W illia m s, R. E.; B a u sch , J. W . Inorg. 
Chem. 1 9 9 8 , 37, 2 1 8 9 . W rackm eyer, B .; S ch an z , H. J.; H ofm an n , M .; 
S ch ley er , P. v. R. Angew. Chem.. Int. Ed. Engl. 1 9 9 8 , 37, 1245. 
W rack m eyer, B.; S ch a n z, H . J.; H ofm ann , M .; S c h le y er , P. v . R. Eur. 
J. Inorg. Chem. 1 9 9 8 , 5, 6 33 .
(2 0 )  G runer, B .; J elin ek , T .; P lzak, Z .; K en n ed y , J. D .; O rm sb y , D . L.; 
G reatrex, R.; Stibr, B . Angew. Chem., Int. Ed. 1 9 9 9 , 38, 1806. Jaballas, 
J.; O nak, T . J. Organomet. Chem. 1 9 9 8 , 550, 1 01 . Je lin ek , T.; Stibr,
B .; H olub , J.; B ak ard jiev, M .; H n y k , D .; O rm sb y , D . L.; K ilner, C . 
A .; T h o m to n -P ett, M .; S chanz, H .-J.; W rack m eyer , B .; K en n ed y , J.
D . Chem. Commun. 2 0 0 1 , 1756. L ee , H.; O nak, T .; Jab a llas, J.; Tran, 
U .; T ruon g, T . U .; T o , H. T . Inorg. Chim. Acta 1 9 9 9 , 289, 11. O nak, 
T.; Jaballas, J.; B arfie ld , M . J. Am. Chem. Soc. 1 9 9 9 , 121, 2 8 5 0 .  
S h e d lo w , A .; S n ed d on , L. G . Organometallics 1 9 9 5 , 14, 4 0 4 6 .  
S h e d lo w , A .; S n ed d on , L. G . Collect. Czech. Chem. Commun. 1999 , 
64, 8 6 5 . W ille , A . E .; P lesek , J.; H olu b , J.; Stib r, B.; C arroll, P. J.; 
S n ed d on , L. G . Inorg. Chem. 1 9 9 6 , 35, 5 3 4 2 .
(2 1 )  E zh ova , M . B .; Z h ang , H . M .; M agu ire, J. A .; H o sm a n e , N . S . J. 
Organomet. Chem. 1998 , 550, 4 0 9 . F o x , M . A .; H u g h es, A . K.; 
Joh n son , A . L.; Paterson , M . A . J. J. Chem. Soc., Dalton Trans. 2 0 0 2 , 
2 0 0 9 .
(2 2 )  H u h eey , J. E.; K eiter , E. A .; K eiter, R. L. Inorganic Chemistry: 
Principles o f Structure and Reactivity, N e w  Y ork: H arp er C o llin s , 
1993.
(2 3 )  F ran cisco , J. S.; W illia m s, I. H . J. Phys. Chem. 19 9 2 , 96, 7 5 6 7 . 
M u sa ev , D . G .; M orok u m a, K . Organometallics 1 9 9 5 , 14, 3 3 2 7 .
(2 4 )  K o p p el, 1. A .; Burk, P.; K op p el, I.; L e ito , I.; S o n o d a , T .; M ish im a, 
M . J. Am. Chem. Soc. 2 0 0 0 , 122, 5 1 1 4 .
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I II
Figure 4. B all and stick  representation o f  the M P 2 /6 -3 1 G *  ca lcu la ted  
structures fo r  N a [c /o s o -C B n H i2] sh o w in g  the n2 (I) and fi2 (II) b ridging  
m o d es  o f  th e N a  ion, resp ective ly .
Table 3 .  C om p arison  o f  E xperim ental and T h eoretica l " B  N M R  S h ifts  
(<5) for  V ariou s Salts o f  [ c /a fo -C B n H t2] -
experim ent" calcu lated*
[NBu4]+ [A g ]+ 1 I III" IV
B (1 2 )  - 8 . 0  - 1 1 . 9  - 1 2 . 4  - 6 . 9  - 1 2 . 5  - 1 0 .1  - 1 0 . 8
B ( 7 ) - B ( l l )  - 1 4 .1  - 1 5 . 0  - 1 5 . 7  - 1 3 . 8  - 1 5 . 3  - 1 4 . 4  - 1 4 . 9
B ( 2 ) - B ( 6 )  - 1 6 . 9  - 1 5 . 0  - 1 5 . 7  - 1 7 . 8  - 1 5 . 4  - 1 6 . 7  - 1 6 . 3
•  M easured in C D 2CI2. * A veraged va lu es at the G IA O -B 3 L Y P /6 -3 1 1 G * //  
M P 2 /6 -3 1 G *  lev e l. " A veraged  va lu es  at the G 1 A O -B 3 L Y P /6 -3 1 1 G * //H F /  
6 - 3 1G * lev e l.
{(PPh3)Ag}+ being nominally isolobal with a proton.25 
Because observed NMR data for Agfc/oso-CBnHu] show 
5-fold symmetry with the greatest perturbation from [NBu4]- 
[c/050-CBi,H12] observed for B(7)-B(12) (Figure 3), the 
metal ion must be fluxional over all triangular faces involving 
the B(12) vertex. In agreement with this, the symmetry- 
constrained minimum II with the sodium atom bridging 
between B(7) and B(12) is only ca. 3.0 kcal mol-1 higher in 
energy than I. This small energy difference supports the 
metal ion being fluxional over the five triangular faces of 
the cage in solution, moving from face to face via bridging 
a B—B vertex. This low calculated energy barrier is also 
reflected experimentally by the fact that {Ag(PPh3)},'° 
(Rh(cod)},16 and {Rh(PPh3)2}26 fragments are highly flux­
ional over the lower surfaces of [c/oso-CBnHi2]. Values 
obtained by averaging the calculated nB NMR shifts (at 
B3LYP/6-311G*) generated from the optimized geometry 
of Na[c/<m>-CB]|H|2] I are in very good agreement with 
observed 11B chemical shifts for Ag[c/oso-CBnH|2] and 1 
in CD2C12 (Table 3). Importantly, the computed nB shifts 
generated from the MP2/6-31G* geometry27 for “free” 
[c/oso-CBnH,2]- are also in good agreement with observed 
shifts for Ag[CBi|H)2] in acetone and [NBu4][CBnH|2] in 
CD2C12 (Table 3).
These changes in the calculated boron chemical shifts on 
going from optimized geometries of Na[c/o5o-CBnH|2] to
(2 5 )  K ick elb ick , G .; Schubert, U . Inorg. Chim. Acta 1 9 9 7 , 262, 6 1 .
(2 6 ) R ifat, A .; Patmore, N . J.; M ahon, M . F.; W eller, A . S . Organometallics 
2 0 0 2 , 21, 28 4 2 .
(2 7 )  S ch ley er , P. V . R.; N ajafian , K. Inorg. Chem. 1 9 9 8 , 37, 3 4 5 4 .
Q
Figure 5. B all and stick  represen tation s o f  the ca lcu la ted  structures for  
{N a 2 [c /o jo -C B ,,H ,2 ]4 }2_ ( II I )  (H F /6 -3 1 G * ) and { N a fc /o jo - C B u H n h } "  
(IV) (M P 2 /6 -3 1 G * ).
“free” [c/oso-CBnHu]- mirror those observed experimen­
tally in solution for Ag[c/<tto-CBnHi2] on going from a 
noncoordinating solvent (e.g., CD2C12) to a coordinating 
solvent (e.g., acetone). Particularly noteworthy is that all the 
chemical shift changes observed experimentally are ac­
curately reflected in the calculations, with both the upfield 
shifts for B(12) and B(7)—B(11) along with the more subtle 
downfield shift of B(2)—B(6) being reproduced. It is clear 
from these computations that metal—carborane interactions 
exist in noncoordinating solvents for Ag[c/oso-CBnH|2] and 
thus, by implication, also for 1, confirming our experimental 
observations. The geometry optimization of the dianion (Na2- 
(closo-CQj ]H 12)4}^  (III), as a model geometry for the 
dianion in 1, further demonstrates that replacement of [Na]+ 
for [Ag]+ is valid, showing a similar structural motif at the 
HF/6-31G* level of theory as that found in the X-ray 
structure of 1 (Figure 5), with only the small twist of the 
bridging carborane cages not being reproduced. However, 
these calculations do not determine the molecular structures 
of either 1 or Ag[c/oso-CBnH|2] in a noncoordinating 
solvent, that is, whether the structural motif of the dianion 
in 1 is retained in solution and whether Ag[CBnH|2] is a 
discrete monomer, dimer, or oligomer in solution. In an 
attempt to address this, we have performed the same ab initio/ 
GIAO/NMR calculations on {Na[c/oso-CBiiH]2]2}~, IV, and 
for {Na2(c/aso-CB]iHi2)4}2-, III, although for this latter 
compound the computationally less intensive HF/6-31G* 
basis set was used because of the relatively large number of 
atoms in the molecule. The calculated geometries of 111 and 
IV are presented in Figure 5, which shows that for IV the 
sodium ion is ?/3-sandwiched between two carborane anions.
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The averages of the calculated nB NMR shifts (at B3LYP/ 
6-311G*) generated from these optimized geometries are 
given in Table 3 and show a close simi­
larity to both those calculated for I and observed for 1 and 
Ag[cAm>-CB|tHi2] in CD2C12, even though model com­
pound III was geometry optimized at a lower level of theory 
(HF/6-31G*) and silver has been substituted for sodium. The 
match is nevertheless a good one, with the difference between 
experiment and theory when 1 and III are compared ranging 
between 2.3 and 1.0 ppm. Moreover, the calculated shifts 
for III and IV show the upfield shift of the B(12) vertex 
and a compression of the two integral 5-B signals, as is 
observed experimentally for 1. The close similarity of all 
these data (compound 1, model compounds I, 111, and IV) 
suggests that the actual solution structure, as determined by 
"B NMR spectroscopy, is ambiguous with regard to the 
degree of aggregation, although it is clear that significant 
Ag’**{HB} interactions do occur in noncoordinating sol­
vent. However, it is more than likely that a species such as 
[Ag(IMes)2][Ag(c/os0-CBnHi2)2] (model compound IV) 
exists as the predominant species in solution, similar to that 
observed for [Ag(c/o50-CBnH6Br6)2]_.8
Conclusions
Addition of IMes to Ag[c/os0-CBnHj2] results in the 
formation of the novel complex [(IMes)2Ag]2[Ag2{c/<?50- 
CBuH|2}4] in the solid-state, an anion in which each silver 
is surrounded by three carborane units. In CD2C12 solution, 
the Ag—carborane interactions are still present, as evidenced 
by significant downfield shifts being observed in the "B 
NMR spectrum. That these shifts are due to Ag***{HB) 
interactions is confirmed by the following: (i) The "B 
chemical shifts of Ag[c/o5o-CBnHi2] in coordinating sol­
vent (acetone) and [NMe4][c/ojo-CBnHi2] in CD2C12 are 
similar and closely match the computed "B shifts for 
“naked” [c/o50-CBuHi2]“. (ii) Calculated “B chemical 
shifts for Na[c/oso-CBuH|2], {Na[c/o5o-CBuH|2]2}- , and 
{Na2[closo-CB11H12]4}2_ which all have metal cation—anion 
interactions agree well with experimental nB data measured 
for 1 and Ag[c/ow-CBnHi2] in CD2C12, suggesting that both 
silver complexes form significant ion-pairs in solution with 
similar structural features. This close match between calcu­
lated and experimentally determined chemical shifts initially 
surprised us given the disparity in the relative hardness of 
the two cations [Na]+ and [Ag]+. However, this perhaps 
suggests that the [Ag]+ interactions with the cage periphery 
in [c/o5o-CB,,H,2] are in fact more electrostatic than covalent 
(agostic) in nature than previously assumed, as we have 
suggested previously.10 We have also shown that the previ­
ously proposed model for the interactions of metal fragments 
across the lower surface of [c/oso-CBnHn]' in solution may 
be confirmed by the calculations reported here.
Overall, these results show that metal cation—carborane 
anion interactions significantly affect the nB NMR shifts of 
the simple salts of carborane anions and that the solvent and 
the conjugate cation both need to be taken into account when 
comparing the MB chemical shifts of different salts.
Experimental
All manipulations were carried out under an argon atmosphere 
using standard Schlenk line or drybox techniques. Hexane and 
toluene were distilled from sodium. NMR spectra were measured 
on Briiker Advance 300 MHz and Varian Mercury 400 MHz FT- 
NMR spectrometers in CD2C12 solutions. Residual protio solvent 
was used as reference (d, ppm: CD2C12 5.33) in ‘H NMR spectra. 
llB NMR spectra were referenced to BF3-OEt2 (external). Coupling 
constants are given in hertz. Spectra were recorded at room 
temperature in CD2C12 solutions. Elemental analysis was performed 
in-house in the Department o f Chemistry, University o f Bath. The 
compounds Ag[c/<wo-CBnHi2] 2 and IMes28 were prepared by 
published procedures or slight variations thereof. [NBu4 ][c/cwo- 
CB||Hi2] was prepared by metathesis o f  Cs[c/oso-CBnH|2] with 
[NBatJCl in CH2C12, filtration, and crystallization from CH2C12/ 
hexanes.
[(IMes)2Agl2(Ag2{c/0 S0 -C B „H i2}4 ] (1). IMes (55 mg, 0.18 
mmol) was dissolved in toluene (5 mL) and added dropwise to a 
Schlenk tube charged with Ag[c/oso-CBuH|2] (47 mg, 0.19 mmol) 
dissolved in toluene, and then the mixture stirred for 16 h. This 
solution was cannula filtered and the toluene removed in vacuo. 
The resulting solid was dissolved in the minimum volume of toluene 
and crystals of product grown at —80 °C for 5 days. The solvent 
was decanted and the resulting product dried under high vacuum 
to yield 46 mg (46%) o f white crystalline solid.
'H{nB}: 1.57 (s, 10H, BH), 1.65 (s, 12H, o-CH3), 1.69 (s, 10H, 
BH), 2.25 (s, 2H, BH), 2.32 (s, 2H, CHcagc), 2.35 (s, 6H, p-CH3), 
6.85 (s, 8H, m-CH), 7.00 (s, 4H, NCH). "B: -1 2 .4  [d, 2B, J(BH) 
125], -1 5 .7  [d, 10B +  10B coincidence, ./(BH) 145], l3C{'H}:
17.8 (s, CH3), 21.7 (s, CH3), 55.3 (s br, CHcage), 123.6 (s, NCCN), 
129.9 (s, Cphcyi), 135.3 (s, Cph^,), 135.6 (s, C p ^ ,), 140.2 (s, 
Cphcnyi), 183.6 [dd, NCN, A '09AgC) 208, J(,07AgC) 180]. Calcd: 
%C, 47.6; %H, 6.48; %N, 5.04. Found: 47.7%, 6.55%, 4.93%.
X-ray Crystallography. The crystal structure data for compound 
1 were collected on a Nonius K.appa-CCD diffractometer at 150 
K. The asymmetric unit in 1 consists o f one biscarbene silver moiety 
and of a fragment based on a silver atom and two carborane anions. 
The second fragment in the asymmetric unit is proximate to a 
crystallographic inversion center, which serves to generate a 
carborane bridged dimer where each o f the symmetry related silver 
atoms are terminally coordinated to a second carborane cage. It is 
noteworthy that the bridging carborane is disordered in a 1:1 ratio 
between positions B(21) to B(32) and B(41) to B(52), respectively. 
The presence of disorder precluded accurate assignment o f the cage 
carbon in the bridging carborane, and hence, all atoms therein were 
refined as borons. Assignment o f the cage carbon in the terminally 
bound cage was unambiguous. Structure solution followed by full- 
matrix least squares refinement was performed using the SHELX 
suite o f  programs throughout.29 All non-hydrogen atoms were 
treated anisotropically, and hydrogen atoms were included at 
calculated positions throughout. Diagrams were produced using 
ORTEX.30
C o m p u t a t io n a l .  All ab initio computations were carried out with 
the Gaussian 98 package.31 The geometries discussed here were 
first optimized at the HF/6-31G* level with no symmetry constraints 
for I, III, and IV and Cs symmetry constraints for II. Frequency 
calculations were computed on these optimized geometries at the
(2 8 )  A rdu en go , A . J., I ll;  D ia s , H. V . R.; H arlow , R. L.; K lin e , M. J. Am. 
Chem. Soc. 1 9 9 2 , 114, 5 5 3 0 .
(2 9 )  S h eld rick , G . M . SHELX-97. A computer program for refinement of 
crystal structures; U n iv ersity  o f  G ottin gen: G ottingen , G erm any, 1997.
(3 0 )  M card ie, P. J. Appl. Crystallogr. 1 9 9 5 , 28, 65 .
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HF/6-31G* level for imaginary frequencies. None were found for
I, III, and IV, and one imaginary frequency was found for geometry
II. Optimization o f geometries I, II, and IV were then carried out 
at the computationally intensive MP2/6-31G* level. NMR shifts 
were calculated on these MP2-optimized geometries at the GIAO- 
B3LYP/6-311G* level. Theoretical "B chemical shifts at the GIAO- 
B3LYP/6-31 lG*//MP2/6-31G* level listed in the table have been 
referenced to B2H6 (16.6 ppm32) and converted to the usual BF3 *
(3 1 )  Frisch, M . J.; Trucks, G . W .; S c h le g e l, H. B .; Scuseria , G . E .; R ob b  
M . A.; C h eesem an , J. R.; Z ak rzew sk i, V . G .; M on tgom ery , J. A .,  Jr. 
Stratm ann, R. E.; Burant, J. C.; D ap prich , S.; M illam , J. M .; D a n ie ls  
A . D.; K udin , K. N .; Strain, M . C .; Farkas, O .; T o m a si, J.; B aron e  
V .; C o ss i, M .; C am m i, R.; M en n u cc i, B .; P o m elli, C.; A d a m o , C. 
C lifford , S .; O ch tersk i, J.; P etersson , G . A .; A ya la , P. Y .; C u i, Q . 
M orokum a, K .; M alick , D . K.; R ab uck , A. D .; R agh avach ari, K . 
Foresm an, J. B .; C io s lo w sk i, J.; O rtiz, J. V .; S tefan ov , B . B .; L iu , G. 
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amines in excellent yields and enantioselectivities. Further 
optimizations and applications of this methodology as well as 
a detailed mechanistic study are in progress.
R e c e iv e d :  June 4 , 20 0 2  [Z 1 9 4 4 2 ]
[1] F or e x a m p le s , s e e  a )  M . J. B ish o p , R . W . M c N u tt , Bioorg. Med. Chem. 
Lett. 1995, 5 , 1311; b ) C  M . S p e n c e r , D . F o u ld s, D . H . P e ters , Drugs 
1993,4 6 ,10 5 5 ; c )  S. S ak u ra i, N . O g a w a , T. S u zu k i, K . K a to , T. O h a sh i,
5. Y a su d a , H . K a to , Y. I to , Chem. Pharm. Bull. 1996, 44, 7 65 .
[2] M . G illa r d , G  v a n  d er  P erren , N . M o g u ile v sk y , R . M a ssin g h a m , P. 
C h a te la in , Mol. Pharmacol. 2002, 61, 391.
[3] F or  r e v ie w s  o n  au x ilia ry  c o n tr o lle d  a d d it io n s  to  C = N , s e e  a ) D . 
E n d e rs , U . R e in h o ld , Tetrahedron: Asymmetry 1997, 8, 18 9 5 ; b ) R . 
B lo c h ,  Chem. Rev. 1998, 98, 1407; c )  G . A lv a r o , D . S a v o ia , Synlett 
2002, 651; fo r  r e v ie w s  o n  c o r re sp o n d in g  ca ta ly t ic  p ro cesses , s e e  d ) S. 
K o b a y a sh i, H . Ish ita n i, Chem. Rev. 1999, 9 9 ,1069; e )  S. E . D e n m a r k ,  
O. J.-C . N ic a is e  in Comprehensive Asymmetric Catalysis (E d s.:  E . N. 
J a c o b se n , A . P fa ltz , H . Y a m a m o to ) , S p rin g er , B er lin , 1999, p. 924 .
[4] a )  C . J. O p a lk a , T. E . D 'A m b r a , J. J. F a cco n e , G . B o d so n , E . C o sse -  
m e n t, Synthesis 1995, 76 6 ; b ) E . C o sse m e n t, G. M o tte , G. B o d so n , J. 
G o b e r t , U K  P a te n t  A p p l. 2225 3 2 1  1990 [Chem. Abstr. 1990, 113, 
1 9 1 3 9 6 ];  c )  fo r  a la rg e -sca le  p rep a ra tiv e  H P L C  (o n  a ch ira l sta tio n a ry  
p h a s e )  a p p ro a ch , s e e  D . A . P flu m , H . S. W ilk in so n , G . J. T anoury,
D .W . K ess ler , H . B. K raus, C H .  S e n a n a y a k e , S. A .  W ald , Org. 
Process Res Dev. 2001, 5 ,1 1 0 .
[5] E. J. C o rey , G  J. H e la l ,  Tetrahedron Lett. 1996,37, 4837.
[6] a )  D .  A .  P flu m , D . K rish nam u rth y , Z . H a n , S. A  W ald , G  H . 
S e n a n a y a k e , Tetrahedron Lett. 2002,43,9 2 3 ; b ) N . P lo b e c k , D . P o w ell, 
Tetrahedron: Asymmetry 2002 ,13, 303 .
[7] T. H a y a sh i,  M. Ish ig e d a n i, J. Am. Chem. Soc. 2000, 122, 9 76 . T h is  
m e th o d  g iv e s  r ise  t o  d ia r y lm e th y la m in e s  in  v e r y  h igh  e n a n t io s e le c t iv ­
i t ie s  b u t req u ires  th e  u se  o f  f iv e  e q u iv a le n ts  o f  th e  s ta n n a n e  to  o b ta in  
th e  p ro d u cts  in h ig h  y ie ld s .
[8] a )  C . B o lm , N. H erm a n n s , J. P. H ild e b r a n d , K . M un iz , Angew. Chem. 
2000,112,3 6 0 7 ; Angew. Chem. Int. Ed. 2000,39,3 4 6 5 ; b ) C . B o lm , M . 
K esse lg r u b er , N. H erm a n n s , J. P. H ild e b r a n d , G . R a a b e , Angew. 
Chem. 2001, 113, 1 5 3 6 ; Angew. Chem. Int. Ed. 2001, 40, 1 4 8 8 ; c )  G  
B o lm , N . H er m a n n s , M . K esse lg r u b er , J. P. H ild e b r a n d , J. Organomet. 
Chem. 2001, 624, 157; d )  C. B o lm , M . K esse lg ru b er , A . G re n z , N. 
H er m a n n s , J. P. H ild e b r a n d , New J. Chem. 2001,2 5 ,13; e )  fo r  a  recen t  
r e v ie w  o n  c a ta ly z e d  a sy m m e tr ic  a ry la tio n s, s e e  G  B o lm , J. P. 
H ild e b r a n d , K . M u fliz , N. H erm a n n s , Angew. Chem. 2001,113, 33 8 2 ;  
Angew. Chem. Int. Ed. 2001, 40, 3284 .
[9] S. D a h m e n , S. B ra se , J. Am. Chem. Soc. 2002 ,124, 5940.
[10] F or  o th e r  r e ce n t  e x a m p le s  fo r  th e  e n a n t io s e le c t iv e  a d d it io n  o f  
d ie th y lz in c  to  im in es , s e e  a )  H . F u jihara, K . N a g a i, K . T o m io k a , J. 
Am. Chem. Soc. 2000,122,1 2 0 5 5 ;  b ) J. R . P orter , J. F. T ra v erse, A .  H . 
H o v e y d a , M . L. S n a p p er , J. Am. Chem. Soc. 2001, 123, 9 8 4 ;  c )  J. R . 
P o rter , J. F. T ra v erse, A . H . H o v e y d a , M . L . S n a p p er , J. Am. Chem. 
Soc. 2001,123,1 0 4 0 9 .
[11] J. S isk o , M . M e llin g er , P. W . S h e ld r a k e , N . H . B a in e , Tetrahedron Lett. 
1 9 9 6 , 5 7 ,8 1 1 3 .
[12] F or rep o rts  o n  m ix e d  a lk y l-  a n d  a lk e n y lz in c  sp e c ie s , s e e  a )  H . N e h l,  
W. R . S c h e id t, J. Organomet. Chem. 1985, 289, 1; b )  W. O p p o lz e r ,  
R . N . R a d in o v , Helv. Chim. Acta 1992, 7 5 ,1 7 0 ;  c )  S. B e r g e r , F. L a n g er ,
C . L u tz , P. K n o c h e l,  T. A .  M o b ley , G  K . R e d d y , Angew. Chem. 1997, 
109, 1 6 0 3 ; Angew. Chem. Int. Ed. 1997, 36, 14 5 4 ; d ) C . L u tz , P. 
K n o c h e l,  J. Org. Chem. 1997, 62, 7895.
[13] T h e  [2 .2 ]p a r a c y c lo p h a n e-b a se d  N .O -lig a n d s  h a v e  p r e v io u s ly  b e e n  
e m p lo y e d  in  th e  d ia lk y lz in c  a nd  th e  a lk e n y lz in c  a d d itio n  to  a ld e h y d e s :  
a ) S. D a h m e n , S. B r a se , Chem. Commun. 2002, 2 6; b )  S. D a h m e n , S. 
B ra se , Org. Lett 2001,3 ,4 1 1 9 ;  c )  fo r  th e  sy n th e s is  o f  c o m p o u n d s  4  and
6 , s e e  V. R o z e n b e r g , T. D a n ilo v a , E . S e r g e e v a , E . V o r o n tso v , Z . 
S ta r ik o v a , K . L y se n k o , Y. B e lo k o n , Eur. J. Org. Chem. 2000, 32 9 5 .
[14] F or  ( 5 ) - 1 0 b :  [a ]“  =  +  1 0 .8  (c  =  2 .1 8 , e th a n o l) ,  s e e  G . R . C le m o , C. 
G a rd n e r , R . R a p er , J. Chem. Soc. 1 9 3 9 ,1 9 5 8 .
[15] T h e  a b so lu te  co n fig u r a t io n s  o f  a ll o th e r  p ro d u cts  sh o u ld  b e  R as w e ll if  
an  a n a lo g o u s  s te r e o c h e m ic a l  r e a c t io n  p a th w a y  is a ssu m ed .
[16] A tte m p ts  to  d e ter m in e  th e  e n a n tio m e r ic  e x c e s s  o f  a m in e  1 0 b  its e lf  by  
m ea n s  o f  H P L C  o n  a ch ira l s ta tio n a ry  p h a se  w e r e  u n su c c e ssfu l.
3694 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
[(PPh3)Ag(HCBnM en)]: A Complex with 
Intermolecular Ag*»H3C Interactions**
Michael J. Ingleson, Mary F. Mahon, 
Nathan J. Patmore, Giuseppe D. Ruggiero, and 
Andrew S. Weller*
Dedicated to Professor Thomas P. Fehlner 
on the occasion of his 65th birthday
The “least-coordinating” peralkylated monoanionic carbor- 
anes based around [l-c/ojo-CBnR12]" (R = alkyl)11,21 are of 
significant technological interest. They can form stable, 
lipophilic, free radicals that are also strong oxidants,131 novel 
electrolytes,121 act as partners with lithium ions as catalysts for 
pericyclic rearrangements,141 or can be used to isolate reactive 
cations such as [nBu3Sn]+lsl or Me+.161 They constitute some of 
weakest nucleophiles within the family of icosahedral mono- 
carborane anions,171 and also have the attractive properties of 
being relatively chemically robust181 and available in gram 
quantities. Given that much of the interest in least-coordinat­
ing anions, such as the perfluorinated tetraaryl borates, is 
based around the generation of cationic Lewis acidic metal 
centers that show enhanced catalytic properties,191 analogous 
complexes partnered with peralkylated carborane anions are 
of significant interest. The fact that peralkylated anions such 
as 1 can be considered as being negatively charged “alkane
1 2
balls” is of particular relevance as there is considerable 
interest in the isolation and structure of metal-alkane 
complexes.1101 The structures of simple alkali-metal salts of 
[l-c/ayo-CBnMe12]~ have been reported,1111 while the main- 
group-metal complex [nBu3Sn][l-c/oso-CBnMe12] is a closely 
associated ion-pair in the solid state, a structure that is thought 
to be retained in solution.151 However, no analogous tran- 
sition-metal complexes have been described. We have a 
current interest in the chemistry of metal-Iigand complexes 
partnered with monoanionic carborane anions1121 and report 
here the first example of a d-block-metal complex containing
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a peralkylated carborane, [PPh3Ag][l-c/ojo-HCBnMeu] (2), 
that displays unprecedented intermolecular A g H 3C inter­
actions between the silver center and the carborane periphery 
in both the solid and solution state.
The addition of a solution of triphenylphosphane in CH2C12 
to Ag[l-c/oso-HCBnMen] ([Ag]l)|13) affords a colorless 
solution from which crystalline [PPh3Ag][l-c/ojo-HCBnMeu]
(2) can be isolated in good yield. The solid-state structure of 2 
is shown in Figure 1.
1®P) H(7A)
L C (7 )j
H(7B|
F ig u r e  1. O R T E X  d ia g ra m 127! o f  c o m p le x  2  sh o w in g  th erm a l e ll ip so id s  at 
th e  3 0 %  p ro b a b ility  lev e l. S e le c te d  b o n d  len g th s  [A] a n d  a n g le s  [°]: A g ( l ) -  
H ( 7 A )  2 .1 9 (3 ) ,  A g ( l ) - H ( 7 B )  2 .2 0 (3 ) ,  A g ( l ) - H ( 7 C )  3 .0 3 3 , C ( 7 ) -H ( 7 A )  
0 .9 3 (3 ) ,  C (7 ) -H (7 B )  0 .9 3 (3 ) ,  C (7 ) -H (7 C )  0 .9 3 (4 ) , A g ( l ) - C ( 7 )  2 .5 4 4 (2 ) ,  
A g ( l ) - P ( l )  2 .3 8 7 1 (5 ) ;  C ( 7 ) - A g ( l ) - P ( l )  1 5 2 .2 1 (4 ), H (7 A )- C ( 7 ) -B (7 )  1 0 9 (1 ),  
H (7 B )- C ( 7 ) -B (7 )  1 0 9 (1 ), H (7 C )-C (7 ) -B (7 )  1 1 2 (2 ).
In the solid state, the asymmetric unit shows that the silver- 
phosphane fragment is in close contact to one of the methyl 
groups (C(7)) on the lower pentagonal belt of the cage. The 
interactions between the {Ag(PPh3)}+ fragment and the C(7) 
methyl group are significant, as judged by the Ag(l) -C(7) 
separation (2.544(2) A) being longer than that found for a 
Ag—C single bond (for example, 2.144(5) A in 
[(PPh3)AgCH2C6F5)])1141 but much shorter than the sum 
(3.29 A) of the van der Waals radius of a methyl group 
(2.00 A) and the ionic radius of an Ag1 ion (1.29 A).1151 
Moreover, the Ag(l)—C(7) separation is only slightly longer 
than those found in silver-arene complexes (2.47 A) in which 
significant silver-carbon interactions are suggested to oc­
cur.1161 The hydrogen atoms on C(7) were located in the 
penultimate Fourier difference map and refined freely. There 
are two close H—Ag contacts (Ag(l)—H(7A) 2.19(3) and 
Ag(l)-H(7B) 2.20(3) A) in the asymmetric unit; the separa­
tion from the third methyl hydrogen atom (Ag(l)—H(7C) 
3.033 A) is significantly longer resulting in a B(7)-C(7)-Ag(l) 
angle of 138.9(2)°. While acknowledging the limitations of X- 
ray diffraction in the accurate location of hydrogen atoms, it is 
reasonable to say that there is no lengthening of the C-H 
bonds for the hydrogen atoms in close proximity to Ag(l) in 2. 
The structural motif in 2 is similar on first inspection to that 
reported for the zwitterionic complexes [{l,3-(Si- 
Me3)2C5H3}2ZrMe(^-Me)B(C6F5)3] (A)1171 and [(1,2-
Me2Cp)2ZrCH3(u-Me)B(C6F5)3] (B)1181 in which Z r-H 3C 
agostic interactions are suggested to be present. In the 
extended lattice (Figure 2) there are two further, significantly 
longer, Ag-C contacts from permethylated cages proximate
F igu re 2. P a ck in g  d iagram  fo r  2  sh o w in g  th e  e x te n d e d  (B C H 3} - { A g )  
in te r a c tio n s  in  th e  s o lid  s ta te . O n ly  th e  h y d r o g e n  a to m s  o n  C (7 ) , C (9 ) ', an d  
C (12)'' are sh o w n  fo r  clarity . S e le c te d  b o n d  len g th s  [A]: A g ( l ) - C ( 9 ) '  
3 .1 5 4 (2 ) , A g ( l ) - C ( 1 2 ) "  3 .3 3 6 (2 ).
in the lattice: Ag(l)-C(9)' 3.154(2), Ag(l)-C(12)"
3.336(2) A. The associated hydrogen atoms were located 
and refined; one methyl group (C(9)') is bidentate with 
respect to the Ag-H interactions, while the other (C(12)") is 
monodentate. The overall structural motif is reminiscent of 
that found for Li[B(CH3)4], in which extended tridentate and 
bidentate CH3-L i interactions are observed in the solid 
state.1191
Energy minimization at the B3LYP/DZVP level for [I]- 
and the three possible isomers of 2 shows that there is a small 
energy difference between the isomers (Table 1), with the 
metal fragment favoring interaction with the (7)—(11) vertices 
as observed experimentally, very closely followed by vertex 
(12). This observation is consistent with the distribution of 
charge on the three chemically different [B(CH3)[ moieties in 
the free anion, [I]- (Table 1) and is similar to that previously 
reported for [nBu3Sn][l-c/as0-CBnMe12] .lsl
T a b le  1. C o m p a r iso n  o f  th e  c h a r g e s  ( fr o m  natu ra l b o n d  o rb ita l (N B O )  
a n a ly s is )  o n  [ l - H - c /o j o - l - C B „ M e n ] ' ,  ( [ 1 ] ' ) ,  a n d  th e  r e la t iv e  e n e r g ie s  o f  
th e  iso m e r s  o f  [ l - H - c /o j o - l - C B n M e n ] [A g P P h 3] (2 ) ,  a ll c a lc u la te d  at th e  
B 3 L Y P /D Z V P  lev e l.
V e r te x /iso m e r
[H C B n M e ,, ] -  
C H 3 B ( C H 3)
[H C B n M e n ][A g P P h 3] 
e n e r g y  [kJ m o l" 1]
(1 2 ) - 0 .2 8 - 0 . 0 9 +  6
( 7 H H ) - 0 .2 8 - 0 .1 3 0
( 2 M 6 ) - 0 2 9 +  0 .0 7 +  24
In solution the A g H 3C interactions are still present and 
significant, as shown by NMR spectroscopy. The 1H{11B} 
NMR spectrum of 2 shows a 5:1:5 pattern for the cage methyl 
groups. These signals are considerably broadened compared 
with those of [Me4N][l-c/ojo-HCBnMen] ([Me4N]l) (Fig­
ure 3), which is indicative of interaction with {Ag(PPh3)j, 
while other peaks in the spectrum were sharp and well- 
resolved. ^{"B-selective} NMR experiments were used to 
assign the methyl resonances, and demonstrate that the signal 
for the unique C(12) methyl carbon atom is shifted by
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0.41 ppm downfield relative 
to that of l[NMe4] .113,201 There 
is also a comparable down­
field shift observed for the 
methyl groups on the lower 
pentagonal belt (0.37 ppm), 
while C(2)-C(6) are not shift­
ed significantly. These results 
are consistent with the metal 
fragment interacting mostly 
with the C(7)-C(12) unit in 
solution. Similar downfield 
shifts have been reported 
for the BeCH3 protons in 
[ (^-C5Mes)2Yb(p-Me)Be- 
(77s-C5Me5)] (C) in which the 
Yb-[H3CBe] interaction may 
be considered more electro­
static.1211 In contrast, in relat­
ed complexes such as A and 
B, where agostic Zr-{H3CB} 
interactions are proposed,191 
upfield shifts of the BCH3 
group are observed.1221 The 
“B^H] NMR spectrum of 2 
confirms C5v symmetry for 
the cage in solution (1:5:5 pattern), while in the 31P{‘H} 
NMR spectrum a single phosphorus environment reveals 
coupling to both ,09Ag and 107Ag nuclides (/(AgavP) 824 Hz). 
No significant change was observed in either the ‘H or the 
31P{,H) NMR spectra on cooling the solution to -60°C. 
Progressive heating of the sample (C2D2C14, 20-70 °C) result­
ed in gradual decomposition to unidentified species.
The Ag-{H3CB} interactions in 2 may be switched off by 
addition of one equivalent of [NBu^fl-c/ojo-CBnH^Bre]1231 to 
a solution of 2 in CD2C12, which results in rapid exchange of 
the permethylated carborane for the hexabromocarborane 
anion at the silver(i) center. The NMR spectrum of the 
resulting solution shows sharpening of the methyl signals, and 
chemical shifts identical to pure [NMe4]l, while the MP{*H} 
NMR spectrum shows evidence for the clean formation of 
[(PPh3)Ag(l-c/ojo-CB11H6Br6)].1121 [l-c/ojo-HCBnMen] can 
thus be considered to be less nucleophilic than [1 -closo- 
CBnH6Br6], which itself is one of the least-coordinating 
anions known.171
Metal-alkane complexes are of considerable current inter­
est,110,241 but complexes isolated under standard laboratory 
conditions are rare.1251 Complexes such as A-C, which possess 
methyl groups that coordinate in an intermolecular fashion, 
are models for alkane complexes of the early transition 
metals. However, to our knowledge, no later d-block-metal 
complexes showing analogous interactions are known. Com­
plex 2 represents the first example of a silver metal center 
interacting with an alkyl (CH3) group in either an intra- or 
intermolecular fashion, and is thus a model for an interaction 
between a d10 metal center and an alkane.1241 The fact that 
these interactions are readily observed by !H NMR spectro­
scopy suggests that they will provide a useful spectroscopic
marker in the development of the transition-metal chemistry 
of peralkylated carborane anions.
Experimental Section
2 : T r ip h en y lp h o sp h a n e  (6 0  m g , 0 .2 3  m m o l)  w a s d is so lv e d  in C H 2C12 (5  m L )  
a n d  ad d ed  d r o p w ise  t o  a  S c h le n k  fla sk  ch a rg ed  w ith  [ A g |C B n M e n H }]l13> 
(9 2  m g, 0 .23  m m o l).  T h e  r e su lt in g  s o lu t io n  w a s stirred  in  th e  d a rk  fo r  16  h, 
ca n n u la  filte r e d , a n d  th e  s o lv e n t  r e m o v e d  in v a c u o . T h e  re su lta n t  w h ite  
so lid  w as r e d is so lv e d  in  th e  m in im u m  v o lu m e  o f  C H 2G 2, la y er e d  w ith  
h ex a n es, th en  p la c e d  in  a  fr e e z e r  o v e r n ig h t  at —3 0 ° C  t o  a ffo r d  c o lo r le ss  
crysta ls (1 2 2  m g , 81  % ).
'H { " B | N M R  (3 0 0  M H z , C D 2C12, 2 2  °C  , a ss ig n m e n ts  fro m  
s e le c tiv e }  e x p e r im e n ts ):  <5 =  7 .6 6 -7 .3 6  (1 5  H , m , P h ), 1 .26 ( 1 H ,  s, Ca fe-H ),  
- 0 .1 4  ( 1 5 H , b rs , B C H 3, B ( 7 ) C H 3- B ( 1 1 ) C H 3), - 0 .2 2  ( 3 H ,  b r s  B (1 2 )C H 3), 
- 0 .2 8  ppm  ( 1 5 H , b rs , B C H 3, B ( 2 ) C H 3- B ( 6 ) C H 3). " B  N M R  (9 6  M H z, 
C D 2C12, 2 2 °C , a s s ig n m e n ts  fro m  " B -^ B  C O S Y ):  <5 =  - 1 . 3  ( I B ,  s, B (1 2 ) ) ,  
- 9 . 0  (5 B , s, B ( 7 ) - B ( l l ) ) ,  - 1 1 .9  p p m  (5 B , s, B ( 2 ) -B (6 ) ) .  “ C I'H ] N M R  
(7 5  M H z, C D 2C12, 2 2  °C ): <5 =  1 3 3 .9  (s. C phcny1), 132 .3  (s, C ^ ) ,  13 0 .0  (s, 
Cphenyi). 128 .2  (d , C ^ nyl, / ( C P )  =  3 7  H z ) ,  6 1 .3  (s, C ^ ) ,  - 0 . 7 — 6 .0  p p m  (br, 
C H 3). 3,P ('H ) (122 M H z, C D 2C12, 2 2 #C ): <5 =  17.5 pp m  (d d , / ( A g 109P )  
8 53  H z , / ( A g 107P ) 7 9 4  H z ) . IR  (K B r):  i» =  29 2 1 , 2 8 9 5 , 2 8 2 9 , 2 7 3 6  c m * 1 
(C H 3); e le m e n ta l  a n a ly s is  c a lc d  fo r  C ]0H 4» A g IB u P I: C  5 4 .0 , H  7 .35% ;  
fo u n d : C 5 3 . 4 .H  7 .3 0 % .
C rysta l d a ta  fo r  2 : tr ic lin ic , sp a c e  g r o u p  Pi, a  =  9 .1 8 4 0 0 (1 0 ) , b  =  1 3 .6 1 7 0 (2 ) ,  
c  =  1 5 .1 5 2 0 (3 ) A, a  =  1 1 1 .6 3 7 0 (1 0 ) , /3 =  9 5 .0 0 5 0 (1 0 ) , y  = 1 0 0 .3 3 6 0 (1 0 )° , V =  
1 7 0 8 .2 3 (5 )  A3, Z  =  2 , p alaJ =  1 .2 9 8  M g m * 3. D a ta  w e r e  c o lle c te d  a t 1 7 3 (2 )  K  
o n  a N o n iu s  k a p p a C C D  d iffr a c to m ter , M o Ka r a d ia tio n  (0 .7 1 0 7 3  A), 
9 9 6 5  m ea su red  r e f le c t io n s  to  26aax =  6 0 .1 2 ° , g iv in g  7 2 5 5  u n iq u e  r e fle c t io n s  
( R j „ ,  =  0 .0 4 1 7 ). T h e  s tru c tu re  w a s  so lv e d  b y  d irec t m e th o d s , a n d  r e fin ed  
aga in st P  u sin g  a ll d a ta .'26! T h e  fin a l d iscr e p a n c y  in d ic e s  w e r e  /?, = 0 .0 3 7 8 ,  
w R 2 =  0 .0941 . C C D C -1 8 7 1 8 0  c o n ta in s  th e  su p p le m e n ta r y  cry sta llo g r a p h ic  
d a ta  fo r  th is p ap er . T h e s e  d a ta  c a n  b e  o b ta in ed  fre e  o f  c h a r g e  v ia  
w w w .c cd c .c a m .a c .u k /c o n ts /r e tr ie v in g .h tm l (o r  from  th e  C a m b r id g e  C ry s­
ta llo g ra p h ic  D a ta  C e n tr e , 12, U n io n  R o a d , C a m b rid g e  C B 2 1 E Z ,  U K ;  fax:  
( + 4 4 ) 1 2 2 3 - 3 3 6 -0 3 3 ;  o r  d e p o s it@ c c d c .ca m .a c .u k ).
R e c e iv e d :  J u n e  2 1 , 2 0 0 2  
R evised : Ju ly  2 5 , 2 0 0 2  [Z 19582]
[1] a )  B. T. K in g , Z . J a n o u se k , B. G ru n e r , M . T ra m m ell, B . C . N o ll ,  J. 
M ich l, / .  Am. Chem. Soc. 1996 ,118, 3 3 1 3 ; b ) C. W. T sa n g , Z . W. X ie ,  
Chem. Commun. 2000 ,18 3 9 .
[2] B. T. K in g , I. Z h a ro v , J. M ich l, Chem. Innovation 2001, 23 .
[3] B. T. K in g , B . C . N o l l ,  A .  J. M c K in ley , J. M ich l, J. Am. Chem. Soc. 
1996,118,10902.
[4] S. M o ss, B. T . K in g , A .  d e  M e ije re , S. I. K o zh u sh k o v , P. E . E a to n , J. 
M ich l, Org. Lett. 2001, J ,  2 3 7 5 .
[5] I. Z h a ro v , B. T. K in g , Z . H a v la s , A .  P ard i, J. M ich l, J. Am. Chem. Soc. 
2000,122,1 0 2 5 3 .
[6] D . S ta sk o , C . A .  R e e d ,  J. Am. Chem. Soc. 2002 ,124,11 4 8 .
[7] C . A . R e e d , Acc. Chem. Res. 1998, 3 1 ,133.
[8] B. T. K in g , J. M ic h l,  / .  Am. Chem. Soc. 2000,122,1 0 2 5 5 .
[9] E . Y . X . C h e n , T . J. M arks, Chem. Rev. 2000,100,1391.
[10] G  H a ll, R . N . P e r u tz , Chem. Rev. 1996, 96, 3 1 2 5 .
[11] B. T. K in g , B . N o l l ,  J. M ic h l, Collect. Czech. Chem. Commun. 1999,64, 
1001.
[12] N . J. P a tm o r e , C . H a g u e , J. H . C o tg r e a v e , M . F. M a h o n , C. G . F rost, 
A . S. W eller , Chem. Eur. J. 2002, 8, 2088.
[13] P rep a red  b y  an  a d a p ta t io n  o f  th e  m e th o d  g iv en  in  r e f  [ la ] ;  J. M ich l, 
20 0 2 , p e r so n a l c o m m u n ic a tio n .
[14] R . U s o n , A .  L a g u n a , A .  U s o n ,  P. G . J o n es, K . M e y e r -B a se , / .  Chem. 
Soc. Dalton Trans. 1988, 341.
[15] J. E . H u h e e y , E . A .  K e ite r , R . L . K eiter , Inorganic Chemistry: 
Principles o f  Structure and Reactivity, H a rp er  C o llin s , N e w  Y o rk , 1993.
[16] E . A . H . G r iff ith , E . L. A m m a , J. Am. Chem. Soc. 1974, 96, 743 .
[17] M . B o c h m a n n , S. J. L a n ca s te r , M . B. H u r sth o u se , K . M . A . M alik , 
Organometallics 1994,13, 2 2 3 5 .
[18] X . M . Y a n g , C . L. S t e m , T. J. M ark s, / .  Am. Chem. Soc. 1994, 116, 
1 0 0 1 5 .
T T T T
0 .5  0  -0  5  - 1 .0
m  51H/ppm
F ig u re  3 . 'H (n B ) N M R  sp e c tr a  o f  
2  (a )  a n d  l [ N M e 4]<13! (b ).  P e a k  
a s s ig n m e n ts  (d o w n fie ld  to  u p ­
f ie ld )  fo r  2 : C ( 7 ) - C ( l l ) ,  C (1 2 ) ,  
C ( 2 ) - C ( 6 )  a n d  fo r  l [ N M e 4]: C ( 2 ) -  
C (6 ) , C ( 7 ) - C ( l l ) ,  C (1 2 ) .
3696 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0044-8249/02/4119-3696 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 19
COMMUNICATIONS
[19] W. E . R h in e , G . S tu ck y , S. W . P e ter so n , J. Am. Chem. Soc. 1975 , 97, 
6401.
[20] ‘H [n B } N M R  d a ta  fo r  [ l ] N M e 4 (3 0 0  M H z, C D 2C12):<5 =  3 .1 9  (1 2  H , s, 
N M e 4), 1 .09  ( 1 H ,  b rs , C U|e-H ) ,  - 0 .2 6  (1 5 H , s, B (2 )C H 3- B ( 6 ) C H 3, 
- 0 .5 1  (1 5  H , s, B ( 7 ) C H 3- B ( 1 1 )C H 3), - 0 .6 3  p p m  ( 3 H ,  s, B 12-C H 3).
[21] C. J. B u m s , R . A . A n d e r s e n , J. Am. Chem. Soc. 1 9 8 7 ,109, 58 5 3 .
[2 2 ] C. L. B e sw ic k , T. J. M ark s, Organometallics 1 9 9 9 ,18, 2410 .
[23] T. J e lin e k , J. P le se k , S. H e r m a n e k , B . S tib r, Collect. Czech. Chem. 
Commun. 1986 , 51, 8 19 .
[24] A .  E . S h ilo v , G . B . S h u l’p in , Chem. Rev. 1997, 97, 2879.
[25] S. G efta k is , G . E . B a ll,  /  Am. Chem. Soc. 1 9 9 8 ,120,99 5 3 ; D . R . E v a n s,  
T. D r o v e tsk a y a , R . B a u , C . A .  R e e d ,  P. D . W. B o y d , /  Am. Chem. Soc. 
1 9 9 7 ,119, 3633 .
[26] G . M . S h e ld r ic k , S H E L X -9 7 , A  c o m p u te r  p rogram  fo r  r e fin e m e n t  o f  
crysta l s tru ctu res , U n iv e r s ity  o f  G o tt in g en , G o tt in g en  (G e r m a n y ) ,  
1997.
[27] P. M c A r d le , /  Appl. Crystallogr. 1 9 9 5 , 28, 65.
A Simple, Reliable, Catalytic Asymmetric 
Allylation of Ketones**
Karen M. Waltz, Jason Gavenonis, and 
Patrick J. Walsh*
The asymmetric allylation of carbonyl groups to furnish 
homoallylic alcohols is a fundamental transformation in 
synthetic organic chemistry.11-3! Several catalysts will promote 
the asymmetric allylation of aldehydes to give secondary 
homoallylic alcohols with excellent enantioselectivities.14-151 
The catalytic asymmetric allylation of ketones, however, has 
proven to be a more challenging transformation owing to the 
significant difference in reactivity between aldehydes and 
ketones. Thus, with one exception,1161 catalysts that promote 
the enantioselective allylation of aldehydes fail to catalyze the 
analogous reaction with ketones. In general, the enantio­
selective formation of quaternary stereocenters, as generated 
in the asymmetric allylation of ketones, is of considerable 
difficulty.117181
To compensate for the reduced reactivity of ketones, a more 
reactive allylating agent was needed. Baba and co-workers 
found that tetraallylstannane added to ketones in the 
presence of methanol and 200 mol % binol to give the 
homoallylic alcohol in up to 60% ee.1191 An important discov­
ery in the asymmetric allylation of ketones was recently 
reported by Casolari, D'Addario, and Tagliavini.1201 Their 
catalyst preparation involved the reaction of [Cl2Ti(OiPr)2] 
and binol with allyltributylstannane. After mixing for one 
hour, tetraallylstannane and the substrate ketone were added.
[*] Prof. P. J. W alsh , D r . K . M . W a ltz , J. G a v e n o n is  
P. R o y  a n d  D ia n e  T . V a g e lo s  L a b o ra to r ie s  
D e p a r tm e n t  o f  C h em istry , U n iv e r s ity  o f  P e n n sy lv a n ia  
231 S o u th  3 4 th  S tr e e t ,  P h ila d e lp h ia , P A  1 9 1 0 4 -6 3 2 3  ( U S A )
Fax: ( + 1 ) 2 1 5 - 5 7 1 -6 7 4 3  
E -m a il : p w a lsh @ sa s .u p e n n .ed u
[**] F in an cia l S u p p o rt fo r  th is  rese a r c h  is fro m  th e  N a t io n a l S c ie n c e  
F o u n d a tio n  in  th e  fo rm  o f  a C a r e e r  A w a rd  to  P JW  (C H E -9 7 3 3 2 7 4 )  
a n d  th e  N a tio n a l I n s titu te s  o f  H e a lth  (G M 5 8 1 0 1 ) .  a S u p p o rtin g  in fo r m a tio n  fo r  th is  a r tic le  is  a v a ila b le  o n  th e  W W W  u n d er  
h ttp ://w w w .a n g e w a n d te .o r g  o r  fro m  th e  au th or .
They observed the formation of the ketone allylation product 
with up to 65 % ee at 20 mol % binol (80 % ee with 40 mol % 
binol).
Based on the results of the Italian team,1201 Maruoka and co­
workers1161 recently reported a system for the catalytic 
asymmetric allylation of aldehydes with a catalyst that is 
based on titanium, binol, and an achiral diamine spacer (2:2:1 
ratio). This catalyst (60 mol % titanium and binol) was 
examined in the asymmetric allylation of only two ketones, 
acetophenone and methyl 2-naphthyl ketone, which under­
went allylation with 90 and 92% ee, respectively.1161 More 
recently, Cunningham and Woodward1211 demonstrated that 
monothiobinaphthol will promote the allylation of acetophe­
none derivatives with a mixture of [RSn(allyl)3]/[Sn(allyl)4J 
(R = Et, Bu) with ee values as high as 92% (51 % yield).
The ketone allylation reaction of Casolari, D'Addario, and 
Tagliavini1201 attracted our attention because of our interest in 
the mechanisms of titanium-based asymmetric Lewis acid 
catalysts122-241 and the need for a more versatile and enantio­
selective catalyst for this important process. While investigat­
ing the catalyst structure of the Tagliavini system, we made 
several key observations that allowed us to develop the most 
general and enantioselective catalyst for the asymmetric 
allylation of ketones to date.
We repeated the catalyst preparation of Tagliavini1201 
described above in CDC13 to probe the nature of the 
(binolate)Ti species by NMR spectroscopy. Like Tagliavini 
and co-workers,1201 we observed the production of tributyltin 
chloride. However, we were surprised to find that the major 
titanium-containing product was [(binolate)Ti(0/Pr)2], which 
is dimeric in solution and trimeric in the solid state.125,261 We 
prepared this compound on a gram scale simply by mixing 
titanium tetraisopropoxide and binol followed by removal of 
the solvent and liberated 2-propanol.1261 Using the isolated 
[ (binolate)Ti(Oi'Pr)2], we found that the enantioselectivities 
in the allylation reaction were about the same as those 
reported by Tagliavini and co-workers.1201 An important 
breakthrough was made when the catalyst was prepared 
directly from titanium tetraisopropoxide and binol (1:1, 20 or 
30 mol%) without removal of the liberated 2-propanol. When 
we employed this catalyst preparation, the ee of the product 
formed from 3-methylacetophenone rose from 51 % to 73%. 
These results suggested that the liberated 2-propanol had a 
beneficial impact on the enantioselectivity of the catalyst. We 
therefore prepared the catalyst with additional 2-propanol 
and observed a significant increase in the catalyst enantiose­
lectivity [Eq. (1)].
b in o l ( 2 0 - 3 0  m ol% )
[T i(0 /P r )4] ( 2 0 - 3 0  m ol% )
2 -p rop an ol (2 0  eq u iv )
0  I  O H
rA„* m
R  R  r  ^  j 4  C H 2C12, R T  R  R (* )
1 eq u iv  1.5 eq u iv  7 6 - 9 6 %  ee
The advantageous effect of the 2-propanol on the enantio­
selectivity of the catalyst reached a maximum when 20 equiv
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